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Initiated chemical vapor deposition (iCVD) is a novel CVD technique for forming polymer thin 
films. Compared to traditional thermal and plasma CVD methods, iCVD operates at low substrate 
temperature and low power conditions. This has the benefit of enabling well-defined reaction 
pathways for polymerization that lead to stoichiometric polymers. The iCVD approach has been 
investigated for many polymer chemistries and the resulting iCVD polymers have been shown to 
possess analogous structures and properties as bulk polymers from liquid phase synthesis. Among 
iCVD reactions, free radical polymerization is the most common, where vinyl monomers can be 
polymerized with peroxide free radical initiators. Recently, cationic ring opening polymerization 
via iCVD was demonstrated by applying boron trifluoride diethyl etherate as a cationic initiator 
for the polymerization of ethylene oxide.  
This work will demonstrate for the first time the iCVD synthesis of polyglycidol (PGL) via 
cationic ring opening polymerization of glycidol. iCVD PGL shows similar structure and 
properties as liquid-synthesized PGL reported in literature based on spectroscopic analysis. 
Furthermore, the iCVD deposition behavior under different modes of iCVD polymerization 
environment - surface-driven, gas-driven, and supersaturation - will be discussed for forming 
  
xv 
polyglycidol (PGL), poly(2-hydroxyethyl methacrylate) (PHEMA), poly(tetrafluoroethylene) 
(PTFE) and polyvinylpyrrolidone (PVP) coatings on structurally complex substrates, including 
nanopores, nanorods, and microstructures. Two major parameters Pm/Psat that represents the ratio 
of the partial pressure of the monomer to its saturation pressure, and Knudsen number (Kn) will 
be evaluated  and related with the observed deposition behavior. Surface-driven  iCVD of PGL 
and PHEMA have been found to conformally deposit in nanoporous TiO2 and microcatheters by 
carefully controlling Pm/Psat  over a wide range of Kn. However,  with gas-driven iCVD of PTFE, 
although conformal coatings have been achieved on  micropillars and  nanorods, coating within 
nanoporous networks at very large Kn was difficult even with careful control of Pm/Psat. It is 
believed that the PTFE polymerization is significantly driven by gas phase reactions that are not 
well controlled with a surface Pm/Psat parameter and, by moving to smaller and more confined 
features, the gas phase chemistries dominate and interfere with surface polymerization. By 
controlling Pm/Psat > 1, i.e. in a supersaturated monomer state, a recent iCVD processing 
discovery was made. Under supersaturation conditions, PVP was found to selectively grow on 
certain material surfaces and not others. This is believed to be due to differences in wettability of 
the monomer that dictates where the polymer grows, and enables directed patterning through 
iCVD. 
With the ability to deposit polymer coatings on different substrates, this work will illustrate a 
number of applications that highlight iCVD as an enabling technology. iCVD of PHEMA on 
ventricular catheters is found to be an effective coating for reducing undesired cell attachment in 
vitro by 77% after 17 days in cultured media compared to bare catheters, and so has the potential 
for improving catheter viability and reliability. iCVD of PTFE on silicon micropillars and nickel 
nanorod arrays is able to produce effective non-wetting (superhydrophobic) surface structures for 
enhancing latent heat transfer. iCVD of PGL in mesoporous TiO2 nanoparticle networks produces 
polymer nanocomposites with ultrahigh nanofiller loading (>80 wt%), offering a valuable 
platform for studying polymer nanocomposites with uniform and ultrahigh loading that exceed 
  
xvi 
conventional processing limits (10–15 wt%) due to filler particle aggregation. As a result, the 
PGL glass transition temperature is found to increase significantly by 50–60 °C compared to bulk 
PGL films without TiO2 nanofiller. The enhanced glass transition is attributed to appreciable 
hydrogen bonding interactions between PGL and TiO2.  
 
 
 
 1 
CHAPTER 1: INTRODUCTION 
1.1 Polymer Thin Films on Complex Surfaces 
Incorporating polymer thin films on structurally complex surfaces is of growing interest 
and demand in hybrid composite nanotechnology. Polymer thin films provide unique properties 
that offer low cost, multifunctionality, flexibility, bendability and transparency; therefore, 
research is driven towards incorporating and integrating polymer thin films into different devices 
in order to strengthen their capabilities for advanced applications. Organic transistors1-3 and 
energy harvest devices4-6 require the ability to uniformly grow polymer thin films at the micro- or 
nanoscale; microeletromechanical systems (MEMS) uses conformal polymer thin film as a sensor 
or transducer component to detect miniaturized reactions;7,8 drug delivery utilizes drug-carried 
particles that are functionalized with polymer thin films so as to stimulate cellular uptake and 
drug release;9,10 membrane separations use polymer thin films to modify surface properties in 
order to enhance sensitivity and permeability;11,12 3D energy devices require polymer thin films to 
increase the contact area for better efficiency and cost reduction.13,14  
Methods to make polymer thin films on structurally complex surfaces include spin 
coating,1-5 physical blending,9 dip coating,11,12 sol gel,15-17 and surface initiated polymerization.18-
20 However, these methods are processed in the liquid phase that face significant challenges of 
voids after evaporation, solvent residue, liquid surface tension, diffusion resistance, solvent 
incompatibility and poor wettability. Therefore, liquid-free processes are sought after, particularly 
at the micro- and nanoscale where liquid phase processing becomes exponentially challenging. 
One general approach to bypass the liquid phase to enable thin film formation is chemical vapor 
deposition (CVD). Here, reactive precursors are introduced as vapors into a low pressure reactor 
chamber and reactions are initiated both in the gas phase and at the deposition surface that lead to 
solid film growth. For making polymer thin films in particular, plasma enhanced chemical vapor 
deposition (PECVD) has been considered.21 PECVD utilizes power sources that generate high-
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energy electromagnetic waves to initiate reactions. Under high-energy PECVD conditions, 
monomer precursors are severely fragmented and non-selective reactions lead to highly 
scrambled, branched and crosslinked structures that do not resemble the intended polymer 
structures with regular repeating units. As a result, the stoichiometry and properties of PECVD 
polymers, such as poly(methyl methacrylate),22 polytetrafluoroethylene23 and poly(ethyl 
lactate),24 have been found to deviate significantly from their bulk counterparts. 
 
1.2 Initiated Chemical Vapor Deposition 
In order to enable clean polymerization reactions, a much lower energy approach for a 
liquid-free method is required. In 2000, Gleason and co-workers at MIT developed a new solvent-
free deposition technique called initiated chemical vapor deposition (iCVD) to achieve this goal. 
iCVD is a liquid-free synthesis technique that relies on a series of heated filaments in the range of 
250−400 °C to initiate reactions. Another unique aspect of iCVD is the use of an appropriate 
chemical initiator to facilitate polymerization. The iCVD process transforms gaseous initiator and 
monomer species into polymer and simultaneously deposits the polymer as a thin film on a 
supporting substrate. iCVD produces well-defined polymers that are spectroscopically identical to 
corresponding polymers synthesized in the liquid phase. As shown in Figure 1.1, iCVD involves 
five major steps: (1) delivery of gaseous monomer and initiator into the iCVD reactor chamber 
operating under a mild vacuum (0.1–10 Torr); (2) thermal activation of the initiator in the gas 
phase through a filament wire array resistively heated to a temperature between 250 °C and 400 
°C (Tfil); (3) gas phase transport of reactive species to the substrate cooled to a temperature of 
around 0–25 °C (Tsub); (4) surface adsorption and diffusion of monomer on the substrate; and (5) 
surface polymerization through the addition of monomer units from activated initiator sites and 
the growth of a polymer coating that conforms to the topology of the substrate.  
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Figure 1.1 Initiated chemical vapor deposition (iCVD) mechanism. 
 
 
Unlike initiator that is activated before adsorption on surface, monomer keeps its 
originality during adsorption before propagation step in iCVD system. Therefore, the 
concentration of monomer in gas phase is considered as the ratio of monomer partial pressure to 
its saturated pressure (Pm/Psat) at substrate temperature. When the monomer partial pressure 
reaches its saturated pressure at the substrate surface conditions, Pm/Psat = 1, the substrate surface 
is fully saturated with monomer and further increase in Pm/Psat leads to monomer supersaturation 
and eventual nucleation and growth of liquid droplets as monomer condenses. Under normal 
iCVD conditions, monomer is less than saturation, Pm/Psat < 1, to prevent monomer condensation. 
As for the concentration of initiator, the essential specie to be considered during polymerization is 
initiator radical that formed after heat activation. However, the concentration of initiator radical is 
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hard to quantify because none of iCVD physical processes can directly reflect the real amount of 
radical adsorption on surface.25 The influence of a flow ratio of initiator to monomer between 0-
−0.9 was studied and shown that the concentration of initiator is zero order to iCVD kinetics.26 
Therefore, the influence of the concentration of initiator radical is ignored with regards to iCVD 
kinetics in general.  
 
1.3 Polymerization Mechanisms Under Initiated Chemical Vapor Deposition 
iCVD has proved to be a robust technique for making a wide range of polymers, 
including fluorocarbons,23,27,28 siloxanes,29 acrylates,30,31 methacrylates,26,32,33 styrenes,34,35 and 
vinyls.36,37 These polymers have been synthesized by the free radical polymerization of their 
respective monomers using free radical initiators. Several thermally labile free radical initiators, 
including perfluorooctane sulfonyl fluoride (PFOSF),27 perfluorobutane sulfonyl fluoride 
(PFBSF),38 di-tert-butyl peroxide (TBPO)26 and di-tert-amyl peroxide (TAPO),34 have been 
successfully activated by heated filaments to form long-lived free radicals to initiate surface 
polymerization. Kinetic studies into iCVD free radical polymerization have shown that the 
polymerization mechanism involves the initiation, propagation and termination steps25,39 
analogous to liquid phase bulk free radical polymerization,40 as shown in Figure 1.2. The free 
radical initiator species forms excited radicals on or near the heated filaments, generally at 
250−400 °C. These excited radicals diffuse to the cooled substrate, generally at 0−25 °C, and 
reacts with absorbed monomer to initiate polymerization. Subsequent addition of monomer leads 
to polymer chain propagation until the polymer chain radicals are terminated by other chain 
radicals or another initiator radical.  
More recently, the iCVD approach has been extended to the cationic ring-opening 
polymerization of epoxide monomers. iCVD kinetic studies of the cationic ring-opening 
polymerization of polyethylene oxide (PEO)41 using boron trifluoride-diethyl etherate (BF3-dee) 
as the cationic initiator has shown that it follows conventional bulk liquid phase cationic ring-
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opening polymerization.42,43 BF3-dee is a convenient source of BF3 that is used as the Lewis acid. 
As shown in Figure 1.2, BF3 accepts electrons from the oxygen on the epoxy ring monomers, 
yielding excited cationic species which then enables further epoxide monomer addition and chain 
propagation until the polymer chain is terminated. The strong similarities and analogous 
polymerization mechanisms of iCVD compared with bulk liquid phase chemistries provides 
further support that iCVD is a general polymerization and thin film deposition technique that 
forms clean, stoichiometric polymers with well-defined repeating unit structures. 
 
 
 
 
Figure 1.2 iCVD reaction mechanisms for free-radical and cationic ring-opening 
polymerizations. 
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1.4 Polymerization Modes Under Initiated Chemical Vapor Deposition 
By controlling the specific iCVD conditions, the iCVD polymerization environment can 
operate in three different modes: gas-driven, surface-driven, and supersaturation (as shown in 
Figure 1.3). The gas -driven mode typically occurs when chain initiation and propagation 
reactions occur to some significant extent in the gas phase besides the initiator activation step. 
Under specific iCVD conditions, like high pressure, rapid propagation kinetics and high monomer 
volatility, oligomers and short-chain polymers can form in the gas phase prior to surface 
adsorption. For example, the iCVD synthesis of polytetrafluoroethylene (PTFE) can be driven to 
operate in the gas-driven mode as fluoroalkanes are quite volatile. iCVD PTFE has been 
successfully synthesized from hexafluoropropylene oxide (HFPO) precursor with or without a 
free radical initiator, such as perfluorooctane sulfonyl fluoride (PFOSF) and 
perfluorobutanesulfonyl fluoride (PBSF). In both cases with and without initiator, it has been 
shown that the deposition rate of PTFE increases dramatically with increasing filament 
temperature correlating to the amount of excited species generated in gas phase.27 In order to 
control reaction kinetics under gas-driven polymerization, the filament temperature (Tfil), which 
dominates the amount of excited monomeric species, is the major controlling variable. 
For the surface-driven mode, which is the typical operating mode of iCVD, the kinetics is 
dominated by the adsorption parameter Pm/Psat, which means the adsorption of monomer is the 
limiting step rather than the kinetics of the polymerization reaction steps. Figure 1.4 shows 
clearly that deposition rate exponentially increases with an increase in Pm/Psat.25,30 At a high 
enough concentration of initiator, deposition rate is found to be independent of the amount of 
initiator present, as shown in Figure 1.5.26 Again this indicates that the overall polymer growth 
rate under the surface-drive mode is dictated by the amount of monomer adsorbed on the growth 
surface. The major parameter controlling surface adsorption and surface monomer concentratoin 
is Pm/Psat, which is determined by reaction pressure and precursor flow rates as this influences the 
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monomer gas partial pressure (Pm) as well as the substrate temperature (Tsub) as this affects the 
saturation vapor pressure of the monomer at the substrate surface.  
The supersaturation iCVD mode is operated at Pm/Psat > 1, where monomer can condense 
on the substrate surface, nucleating and growing into liquid droplets. Under these conditions, the 
wettability of the monomer liquid on the substrate surface becomes extremely important. 
Wettability represents the rate of heterogeneous nucleation during the condensation process.44 For 
a compositionally homogeneous surface, the nucleation rate is uniform and continuously 
accompanies polymer growth, resulting in an integral thin film. When two or more dissimilar 
surface materials are applied under supersaturated conditions, different nucleation rates on the 
different surfaces could be expected if there are differences in surface energy of the materials. 
Consequently, a conformal polymer thin film may not be possible if significant surface 
wettability differences affects the distribution of available monomer on the heterogeneous surface. 
To quantify the level of wettability, the contact angle of the liquid on the solid is a feasible 
measure. A smaller contact angle indicates greater surface wettability while a surface with poor 
wettability limits droplet spread so that a larger contact angle is observed. 
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Figure 1.3 Different operating modes of iCVD. 
 
 
 
 
Figure 1.4 Under surface-driven iCVD mode, Pm/Psat dominates the kinetics of surface-driven 
reaction exponentially shown a role as the limiting step of reaction. Figure is reproduced from 
reference [30].30 
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Figure 1.5 Under surface-driven iCVD mode, deposition rate becomes independent of the 
amount of initiator when the flow ratio of initiator and precursor (monomer) exceeds a certain 
threshold. Figure is reproduced from reference [26].26 
 
 
 
1.5 Deposition Control in Different Knudsen Number Environments 
The deposition behavior of iCVD is controlled by the fate of the gaseous and adsorbed 
molecules involved in reaction. To apply iCVD successfully to the deposition and film growth of 
polymer on micro- and nanoscale surface geometries, a solid understanding of this behavior and 
correlating it to molecular phenomena is important. At the surface, iCVD studies have shown that 
the adsorption parameter Pm/Psat controls molecular adsorption and monomer concentration at the 
substrate surface. In addition, it also influences surface diffusion of the monomer as it gives a 
measure of the concentration driving force on the surface. In the gas phase, the collision behavior 
of gaseous molecules in 3D porous or structured media can be defined by the Knudsen number 
(Kn): 
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𝐾𝑛 = 𝜆𝑑! 
where 𝜆 is the mean free path of the molecule and 𝑑! denotes the characteristic length of the 3D 
structured media. The mean free path (𝜆) is expressed as  
𝜆 = 𝑅𝑇2𝜋𝑑!𝑃𝑁! 
where 𝑅  is the gas constant (82.05 (𝑎𝑡𝑚 ∙ 𝑐𝑚!) (𝑚𝑜𝑙 ∙ 𝐾)),  𝑁!  is the Avogadro constant 
(6.02×1023 𝑚𝑜𝑙!!), 𝑇 is the temperature of surroundings (𝐾) calculated from logarithmic mean 
temperature difference (LMTD), 𝑃 is the partial pressure of targeted molecule (𝑎𝑡𝑚) and 𝑑 is the 
particle hard-shell diameter (𝑐𝑚). The diameter of molecule (𝑑) is expressed as  
𝑑 = 2× 𝑀!𝜌𝑁! × 34𝜋!  
where 𝑀! is the molecular weight (𝑔 𝑚𝑜𝑙) and 𝜌 is the density of molecule (𝑔 𝑐𝑚!  𝑎𝑡  25  ℃). 
When 𝜆 > 𝑑! , higher collision frequency between molecule and wall than between 
molecules themselves occurs. The flow conditions under different regions of Kn are summarized 
in Table 1.1. 
 
 
Table 1.1 Classification of flow condition in pipes according to Knudsen number limits.45 
Flow regimes Kn ranges 
Continuum flow  <   10!! 
Slip flow  10!!   −   10!! 
Transition flow 10!! −   10 
Free molecular flow ≥ 10 
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The continuum flow, 𝐾𝑛 <   10!!, is like a viscous gas where gas molecules collide 
predominantly with each other rather than with pore walls. In this case, the mean free path of the 
molecule is significantly shorter than the characteristic length of 3D structural media. In slip flow 
regime, 10!! ≤ 𝐾𝑛 < 10!!, discontinuities in velocity or temperature is occasionally observed 
at solid boundaries. In general, the bulk behavior of flow is still close to continuum flow. In the 
range of transition flow, 10!! ≤ 𝐾𝑛 < 10, motions of gas molecules are considered as individual 
trajectories on the microscopic scale. The flow properties are obtained from a statistical analysis 
of motions. For 𝐾𝑛 ≥ 10 , the mean free path of molecules is large enough to ignore 
intermolecular collision rather than molecular interactions with solid boundaries. Under this 
condition, it is called free molecule flow. In iCVD depositions within nanoporous substrates are 
expected to reach high Kn in the free molecular flow regime. This regime is one that needs 
careful consideration to achieve uniform polymer growth and conformal coating.   
 
1.6 Thesis Contributions  
iCVD has shown unique advantages for polymer thin film deposition, such as a liquid-
free process, less diffusion resistance, conformal and uniform deposition, and formation of 
stoichiometric polymers. These benefits become significant when coating geometries shrink 
down to the micro- or nano-scale. However, since iCVD is a novel technology from 2000, most 
of the iCVD studies have so far been focused on 2D planar film geometries. Investigation of 
iCVD parameters under surface- and gas-driven modes for polymerization kinetics in 2D thin 
films has been carried out systematically.25,27,30 Although some iCVD research have studied 
deposition behavior on 3D structurally complex surfaces, such as microtrenches,46 
microparticles,47 microfibers48, nanotubes,38,49 and nanopores,50 none of the studies have 
systematically investigated the influence of diffusion and kinetics with changes in 3D structures 
at different Kn regimes. Moreover, for the iCVD supersaturated mode, there is only one 
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publication,44 which yielded undulating film morphology on planar substrates. The importance of 
this thesis is to understand fundamentally the way to control polymer growth and achieve 
conformal polymer thin film at the micro- and nanoscale by understanding the polymerization 
kinetics accompanying different diffusion dynamics at the molecular scale. To understand this 
broadly, iCVD under different polymerization mechanisms and different polymerization modes 
with iCVD condition at Pm/Psat < 1 on a diverse array of substrates including microcatheters, 
micropillars, nanotubes and nanopores that provided different Kn flow regions. Besides the study 
of iCVD deposition behavior at Pm/Psat < 1, polymer growth behavior at Pm/Psat ≥ 1 on complex 
substrates have led to a new approach for directed polymer growth and polymer patterning. 
The thesis outline is as follows: Chapter 2 summarizes the overall objective and specific 
aims of this work. Chapters 3 and 4 focus on surface-driven iCVD of polyglycidol (PGL) and 
poly(2-hydroxyethyl methacrylate) (PHEMA) by operating at Pm/Psat < 1 and in different Kn 
regimes. Chapter 5 describes the work of gas-driven iCVD of polytetrafluoroethylene (PTFE) 
polymerized again under different Kn regimes. Chapter 6 describes supersaturated iCVD of 
poly(vinylpyrrolidone) (PVP) that demonstrates a new polymer patterning approach. Chapter 7 
gives the overall conclusions and unique contributions of this thesis as well as offers some 
possible future directions stemming from this work. 
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CHAPTER 2: OVERALL OBJECTIVE AND SPECIFIC AIMS 
The overall objective of this thesis is to control polymer growth and achieve conformal 
polymer thin films on structurally complex surfaces by initiated chemical vapor deposition (iCVD) 
under surface-driven, gas-driven, and supersaturated growth modes. 
 
Specific Aim 1: Understand surface-driven iCVD polymerization by studying PGL 
and PHEMA growth in nanopores and microstructures. 
To understand surface-driven growth, the iCVD synthesis of polyglycidol (PGL) and 
poly(2-hydroxyethyl methacrylate) (PHEMA) is performed in chapter 3 and 4 respectively. 
Specifically, PGL deposition behavior in nanoscale porous TiO2 nanoparticle layers, as described 
in Chapter 3, and PHEMA deposition behavior in microscale catheters, as described in Chapter 4, 
are studied for different Kn regions under surface-driven mode. For the first time, PGL has been 
synthesized by the cationic ring opening polymerization of glycidol. The hypothesis of this 
specific aim is that uniform polymer growth and conformal polymer thin films can be achieved 
on widely varying substrate geometries with significantly different Kn values through judicious 
control of the surface parameter Pm/Psat. To study this, iCVD polymer coatings are applied to 
different scales of porous substrates (nano- and micro-scale porous substrates) and subsequently 
analyzed for their chemical, thermal, biological and morphological properties. 
 
Specific Aim 2: Understand gas-driven iCVD polymerization by studying PTFE 
growth in nanopores, and on nanorods and micropillars.  
 To understand gas-driven growth, the iCVD synthesis of polytetrafluoroethylene (PTFE) 
is carried out on various substrate geometries, including nanopores, nanorods, and micropillars to 
provide various Kn regions, as described in Chapter 5. The hypothesis is that uniform polymer 
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growth and conformal polymer thin films are primarily dependent on gas phase parameters (gas 
pressure) that is sensitive to Kn of the substrate system. To study this, poly(tetrafluoroethylene) 
(PTFE) is a suitable gas-driven iCVD system that is applied to different sizes of substrates of 
widely different Kn and the resulting films are analyzed morphologically and correlated with gas 
phase variables.  
 
Specific Aim 3: Understand supersaturated iCVD polymerization by studying PVP 
growth on compositionally heterogeneous surfaces.  
 To understand supersaturated growth, the iCVD synthesis of poly(vinylpyrrolidone) 
(PVP) is performed under supersaturated monomer conditions (Pm/Psat > 1), as discussed in 
Chapter 6. To influence monomer wetting behavior, dissimilar metal and semimetal materials are 
patterned onto supporting substrates to create compositionally heterogeneous surfaces. The 
hypothesis is that spatially heterogeneous surfaces with differing surface energy materials enable 
selective polymer growth and direct polymer patterning on surfaces. To study this, PVP growth 
under supersaturation is carried out on patterned surfaces, including Ag/Si, Ag/Ti, Ag/Ni, Ag/Cr 
and Au/Ti surface pairs, and the resulting systems analyzed for their chemical and morphological 
characteristics. 
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CHAPTER 3: SURFACE-DRIVEN ICVD OF POLYGLYCIDOL IN 
NANOPOROUS TiO2 
3.1 Introduction 
The development of nanocomposites has been on the cutting edge of research. With the 
current push towards sustainable energy, nanocomposite materials are naturally finding their way 
into various energy harvesting and storage technologies such as dye-sensitized solar cells 
(DSSCs)1,2 and lithium ion batteries (LIBs).3,4 The architecture of these devices in many cases 
rely on a highly nanostructured, high surface area, three-dimensional porous network as the active 
electrode that is integrated with an organic electrolyte. Much effort has been focused on solid or 
gel polymer electrolytes5-7 as they are more robust and safer than organic liquid electrolytes, 
which are volatile and flammable and therefore are prone to evaporation, leakage, and 
uncontained explosion.  Generally, solid or gel polymer electrolyte nanocomposites are 
synthesized via solution casting,8,9 sol-gel,10 physical blending,3 or surface-initiated 
polymerization2,11,12 methods. However, these techniques are mostly suited for making 
nanocomposites containing a fairly low percentage (<15 wt%, <10 vol%) of nanosized filler. 
When incorporating a higher percentage of nanoparticles, these methods often suffer from 
aggregation of nanofiller particles,1,13,14 which results in a loss of synergy that is based on the high 
surface area interactions between the filler and matrix. In order to achieve polymers with well-
dispersed nanoparticles at much higher particle loading, an alternative approach is to first 
construct the nanoparticle network and then infiltrate the polymers within the pores of the 
network, e.g. by drop-casting from a polymer electrolyte solution.15 However, pore filling with 
this approach remains less than ideal due to free volume that might arise following solvent 
evaporation and the presence of residual solvent from incomplete evaporation. In addition, 
surface tension, wettability issues, and diffusion resistance are more likely to occur with trying to 
push polymer solutions into nanoscale pores.  
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Here, we introduce initiated chemical vapor deposition (iCVD) as an effective approach 
for integrating polymers within 3D nanoporous networks at high nanoparticle loading (>80 wt%, 
>50 vol%). In particular, this approach provides an attractive platform for studying polymer-
nanoparticle substrate interactions under high surface area, high nanoparticle loading conditions 
relevant for sustainable energy applications. Fundamentally, a greater understanding of the 
synergistic effects will be critical in optimizing the thermal, mechanical and electronic properties 
of nanocomposites and ultimately enhancing device performance. iCVD is a liquid-free synthesis 
technique that simultaneously deposits polymers as thin films on supporting substrates. It 
produces well-defined polymers that are spectroscopically identical to corresponding polymers 
synthesized in the liquid phase.16-18 As shown in Figure 3.1(a), iCVD involves five major steps: 
(1) the delivery of gaseous monomer and initiator into the iCVD reactor chamber operating under 
a mild vacuum (0.1–10 torr); (2) the thermal activation of the initiator in the gas phase through a 
filament wire array resistively heated to a temperature between 250–400 °C (Tfil); (3) the bulk gas 
phase transport of reactive species to the substrate cooled to a temperature of 0–25 °C (Tsub); (4) 
the Knudsen and surface diffusion and subsequent surface adsorption of monomer within the 
porous substrate; and (5) the surface polymerization through the addition of monomer units from 
activated initiator sites and the growth of a polymer coating that conforms to the topology of the 
substrate.  
In order to control the competing processes of diffusion (Knudsen and surface diffusion) 
and reaction (surface polymerization), a key iCVD synthesis parameter Pm/Psat, which is the ratio 
of the monomer partial pressure to its saturation pressure at the substrate temperature Tsub, can be 
controlled. This Pm/Psat parameter essentially measures the fractional saturation of monomer at 
the surface, i.e. the amount of monomer adsorbed on the substrate surface that is available for 
polymerization. Our previous studies have shown that in general surface polymerization kinetics 
and polymer deposition rate increase by raising Pm/Psat (and keeping below the saturation or 
condensation limit of Pm/Psat = 1).19-21 We have further demonstrated that by carrying out iCVD 
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within an intermediate Pm/Psat range that promotes monomer diffusion (in this case Knudsen 
diffusion dominated, with Kn ~104 ≫1)  near 100% of the interconnected pore space (15–20 nm 
pore diameter) within mesoporous TiO2 layers (4–12 µm thick) can be filled.22 This tight 
integration enabled DSSCs assembled with TiO2 photoanodes and iCVD polymer electrolytes to 
achieve power conversion efficiencies that are higher than equivalent organic liquid electrolyte 
cells. Aside from being able to physically control the deposition and pore filling process in 3D 
nanostructured substrates, iCVD is equally capable of chemically designing the polymer material. 
By following free radical polymerization chemistries, a variety of fluoropolymers, silicones, and 
acrylate and methacrylate polymers have been synthesized using thermally labile free radical 
initiators like tert-butyl or tert-amyl peroxide.23-28 More recently, we have successfully extended 
iCVD to cationic polymerization chemistries using boron trifluoride initiators to enable the ring 
opening polymerization of ethylene oxide to form poly(ethylene oxide) (PEO).21,29 
Among various solid and gel polymer electrolytes, polymers based on poly(ethylene 
oxide) (PEO) are particularly attractive because of their chemical stability and ionic conductivity 
with the ability to dissolve various inorganic salts due to their high polarity.5 One example is 
polyglycidol (PGL), which is a polymer with an ether –C–O–C– backbone analogous to PEO but 
with a pendant –CH2OH side group. Due to its biocompatibility, nontoxicity, hydrophilicity, and 
ionic conductivity, PGL has shown promise in energy30,31 and biomedicine32 applications. The 
possibility of utilizing PGL as a polymer electrolyte in energy applications is promising given the 
enhanced ion diffusion kinetics from the hydrophilic nature imparted by the PEO-like backbone 
and hydroxyl side group.33 Here, PGL/TiO2 nanocomposites with high TiO2 nanoparticle loading 
have been successfully synthesized by directly growing PGL within TiO2 porous templates via 
the iCVD technique using glycidol monomer and boron trifluoride-diethyl etherate (BF3-dee) 
initiator, as shown in Figure 3.1(b). Based on thermogravimetric measurements, 91 vol% of the 
pore space has been filled, thereby yielding nanocomposites with up to 82 wt% of TiO2. 
Remarkably, the glass transition of these nanocomposites (PGL-N) showed a large 50–60 °C 
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increase over that of bulk PGL (PGL-B) that was deposited as planar films on silicon. This 
dramatic temperature increase is attributed to the strong attractive polymer-substrate interactions 
between the tightly integrated PGL within the TiO2 that was made possible by the iCVD 
approach. Overall, this study demonstrates a viable platform that iCVD offers for probing 
polymer confinement effects in polymer nanocomposites under a high loading of nanofiller. A 
strong understanding of these effects will provide valuable guidance in delivering requisite 
polymer properties to enhance the performance of energy devices. 
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Figure 3.1  (a) iCVD polymerization and deposition mechanism that involves (1) vapor delivery 
of monomer and initiator, (2) thermal activation of initiator by a series of heated filament wires, 
(3) bulk transport of reactive species to the cooled porous substrate, (4) Knudsen and surface 
diffusion and adsorption of reactive species within the pore network, and (5) surface 
polymerization-co-deposition of a growing polymer filling the pores. (b) iCVD reaction and 
reaction conditions for the cationic ring opening polymerization of glycidol using a boron 
trifluoride diethyl etherate (BF3-dee) initiator to form polyglycidol (PGL). 
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3.2 Materials and Methods 
3.2.1 Materials 
For iCVD, glycidol (96%, Sigma Aldrich) and boron trifluoride diethyl etherate (BF3-
dee, Sigma Aldrich) were used as the monomer and initiator, respectively. 3 Å molecular sieve 
(Sigma Aldrich) was used to remove traces of water in the glycidol since it has an affinity for 
moisture water during storage. Phosphor bronze wire (0.5 mm diameter, tempered, Fortepiano 
Co.) was used as the heating element for thermally activating the initiator during iCVD. For 
preparing the TiO2 nanoparticle layers, a titanium dioxide (TiO2) colloidal paste was made using 
deionized (DI) water, P25 TiO2 nanoparticles (25 nm diameter, Envonik), acetylacetone (Sigma 
Aldrich) and Triton X-100 (Sigma Aldrich). Silicon wafers (WRS Materials) were used without 
any further treatment as substrate supports. For NMR analysis, dimethyl sulfoxide-d6 (DMSO-d6, 
Cambridge Isotope Laboratories) was used as the deuterated solvent.  
3.2.2 Preparation of porous TiO2 substrate 
The detailed procedure of preparing the TiO2 colloidal paste has been described 
previously.34 Briefly, TiO2 powder (12 g) was ground in a small amount of DI water (4 ml) and 
acetylacetone (0.4 ml) using a porcelain mortar and pestle. After the powder sample turned into a 
viscous slurry, additional DI water (16 ml) was gradually added during continuous grinding. 
Finally, Triton X-100 (0.05 ml) was put in and the mixture was sonicated for 1 min. The prepared 
TiO2 paste (1.2 ml) was spin coated at 500 rpm for 1.5 min onto silicon wafers of around 3x3 cm2 
area. Next, coated samples were placed on a hot plate in air and gently heated to prevent sample 
cracking by increasing the temperature 100 °C every 10 min until 500 °C, after which the samples 
were sintered at this temperature for another 30 min. The samples were then allowed to cool 
down to room temperature in air. The thickness of the sintered porous TiO2 nanoparticle layers 
was measured to be on average around 3–4 µm by cross-sectional scanning electron microscopy 
(SEM).  
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3.2.3 iCVD system 
The iCVD reactor system consisted of a stainless steel reactor chamber with a volume of 
~4170 cm3 and having three inlets to distribute a continuous flow of monomer and initiator vapor 
species. The monomer and initiator source jars were heated by dual-element heating tapes 
(Omega Engineering) to achieve sufficient head pressures of glycidol (50 °C, 5.8 torr) and BF3-
dee (30 °C, 7.1 torr). The reactor was maintained at low pressure by exhausting vapors through a 
dry vacuum pump (iH80, Edwards Vacuum) and a set pressure was automatically maintained 
using a pressure controller (146C, MKS Instruments) connected in a feedback loop with a 
downstream throttle valve (153D, MKS Instruments) and a capacitance manometer (722A, MKS 
Instruments). The flow rates of glycidol monomer and BF3-dee initiator were controlled by 
separate precision needle valves (Swagelok) and calibrated based on a linear rate of pressure rise 
in the low pressure, ideal gas regime. Inside the reactor chamber, a series of phosphor bronze 
wires were supported and suspended above the substrate sample at a constant filament-to-
substrate distance of 2 cm. The filament array was resistively heated by a DC power supply 
(DLM 60-10, Sorensen). The substrate was maintained at a constant temperature through 
backside contact with an aluminum stage cooled by a 50:50 vol% ethylene glycol-water mixture 
as the thermal fluid recirculating through a chiller (RTE7, Thermo Scientific). A key iCVD 
parameter, the fractional monomer saturation ratio P/Psat (ratio of monomer partial pressure to its 
vapor pressure at the substrate temperature), was controlled to influence the relative rates of 
diffusion and surface reaction. This was achieved by adjusting the monomer and initiator flow 
rates and reactor pressure, which varied the monomer partial pressure, P, and the substrate 
temperature, which altered the monomer vapor pressure, Psat.  
3.2.4 Polyglycidol synthesis by iCVD 
For the synthesis of polyglycidol (PGL) in porous TiO2 nanostructures (PGL-N), TiO2-
coated wafers were placed in the reactor under the following optimized iCVD reaction 
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conditions: 1 sccm (standard cm3 per min) glycidol, 0.05 sccm BF3-dee, and 2 sccm nitrogen; 400 
mTorr reactor pressure; 0 °C chiller temperature; and 300 °C filament temperature (4.2 A/6.8 V). 
Nitrogen served as an inert carrier gas to further provide a more uniform distribution of the 
gaseous precursors in the iCVD chamber. Due to the thermal gradient between the heated 
filament wires and the cooling stage, the actual substrate temperature of the TiO2-coated wafer 
samples was found to be 9 °C based on a direct contact measurement using a K-type 
thermocouple (Omega Engineering). For comparison, bulk polyglycidol (PGL-B) was deposited 
on bare planar silicon wafers under identical reaction conditions as PGL-N except for the 
precursor flows, which were doubled (2 sccm glycidol, 0.1 sccm BF3-dee, and 4 sccm nitrogen) 
to achieve a faster growth rate and produce sufficient polymer material for subsequent analysis.  
3.2.5 Polymer characterization 
Fourier-transform infrared (FTIR) spectra were acquired with a Thermo Scientific 
Nicolet 6700 spectrometer in transmission mode using a DTGS detector in the range of 400−4000 
cm−1 at 4 cm−1 resolution and averaged over 64 scans. The FTIR background was a bare silicon 
wafer for PGL-B and a TiO2-coated silicon wafer for PGL-N. X-ray photoelectron spectroscopy 
(XPS) was performed on a Physical Electronics PHI 5000 VersaProbe with a monochromatic Al-
Kα excitation source (1486 eV) and charge compensation for the insulating samples. Survey XPS 
spectra were acquired at 25 W with a pass energy of 117.4 eV over the range of 0−1100 eV for a 
dwell time of 50 ms and averaged over 4 scans. High-resolution XPS spectra of C1s, O1s and 
Ti2p core electrons were performed at 25 W with a pass energy of 23.5 eV and a dwell time of 
100 ms and averaged over 10 scans to achieve good signal-to-noise. Proton (1H) nuclear magnetic 
resonance (NMR) spectra were recorded on a 500 MHz Varian Unity Inova system using 10 µs 
45° pulse, 1 s recycle delay, and averaged over 32 scans. NMR samples were prepared by 
harvesting the polymer film off of silicon wafers, dissolving 20-25 mg polymer in 2-3 ml DMSO-
d6 and drying with 3 Å molecular sieve overnight. Scanning electron microscopy (SEM) was 
conducted with a Zeiss Supra 50VP to assess pore filling. To minimize charging during imaging, 
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SEM samples were prepared by sputter coating with ~10 nm Pt/Pd immediately following the 
iCVD reaction. Both cross sectional and top-view SEM images of PGL-N were taken at a lower 
voltage of 2 kV to avoid damage to the polymer matrix. For bare, uncoated TiO2 nanostructures, a 
higher voltage of 12 kV was applied to achieve a sharper image resolution. The magnification 
was set either at 20kx and 30kx with a working distance of 2-3 mm. Thermogravimetric analysis 
(TGA) was performed on a TA Instruments Q500 at a heating rate of 10 °C/min under N2. 
Differential scanning calorimetry (DSC) thermograms were collected by a TA Instruments Q100 
with a heating rate of 20 °C/min under N2. Thermal transitions were analyzed with the second 
heating run after one full cycle of heating and cooling (–90 °C to +90 °C). To ensure that only 
PGL within the TiO2 pores was probed, PGL-N samples were made by carefully controlling 
iCVD deposition time to prevent any additional growth of bulk PGL on top of the nanostructure 
after pore filling was complete. For DSC and TGA, sample material was released from the 
supporting silicon wafer and placed in the respective sample pans. 
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3.3 Results and Discussion 
The cationic ring opening polymerization by iCVD has so far been demonstrated with 
ethylene oxide to form PEO.21,29 Here, for the first time, the same polymerization mechanism has 
been applied to a new epoxide ring monomer, glycidol, to form PGL. Figure 3.2 shows the FTIR 
spectra of glycidol monomer, bulk PGL polymer (PGL-B), and PGL grown inside mesoporous 
TiO2 nanoparticle networks (PGL-N). Evidence of ring opening polymerization comes from the 
disappearance of epoxide ring peaks35 at 854 and 909 cm-1 seen in glycidol but which are absent 
in PGL-B and PGL-N. In addition, the iCVD PGL polymers show the characteristic peaks 
reported for PGL in literature.36,37 The distinct symmetric and asymmetric CH2 stretches at 2880 
and 2920 cm-1 are expected based on the chemical structure of PGL (Figure 3.1). The broad OH 
stretch at 3200–3500 cm-1 indicates that the hydroxyl side group functionality of glycidol has 
been preserved and suggests that the iCVD polymerization pathway is through epoxide ring 
opening. Interestingly, the OH peak of the glycidol monomer located at 3408 cm-1 is found to 
shift to 3396 cm-1 for PGL-B and further to 3300 cm-1 for PGL-N after iCVD ring opening 
polymerization. Similar red shifts have been observed, for example, from the interaction between 
the hydroxyl group of glycerol carbonate molecules and anions of different ionic liquids in which 
larger shifts have been found with using more basic anions, which indicates that the red shift 
comes from a decrease in the native glycerol OH bond strength due to more pronounced 
hydrogen bonding interactions with the anions.38 Therefore, it is possible that the red shifts in the 
OH peak observed here could be likewise related to an increase in hydrogen bonding interactions 
of the hydroxyl group of PGL. Moving from the liquid glycidol monomer to the solid PGL-B 
bulk polymer, it is reasonable to expect that the phase change as well as the formation of a long 
polymer chain (vs. a single monomer molecule) could promote more stable hydrogen bonding 
from a loss of molecular mobility. Perhaps more significantly, the further and much larger red 
shift on moving to PGL-N provides the first clue that confinement effects are strongly influencing 
polymer behavior. By confining PGL within a network of interconnected pores formed through a 
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sintered layer of TiO2 nanoparticles, there could be further hindrance to polymer chain motion 
within the nanoscale pores that leads to stronger intra- and inter-chain hydrogen bonding 
interactions. In addition, it is possible that OH groups on the surface of the TiO2 nanoparticles (as 
discussed below) at high nanoparticle loading could further strengthen hydrogen bonding with the 
substrate. 
 
 
 
 
Figure 3.2 FTIR spectra of (a) glycidol monomer, (b) PGL-B bulk polymer, and (c) PGL-N 
polymer-TiO2 nanocomposite. The disappearance of peaks at 854 and 909 cm-1 associated with 
the epoxide ring indicates the ring opening of glycidol upon iCVD polymerization to form PGL.  
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To provide more quantitative analysis of the composition and structure of iCVD PGL, 
survey and high resolution XPS spectra were obtained as shown in Figure 3.3. From the survey 
spectra in Figure 3.3(a), the presence of C1s and O1s peaks for PGL-B are expected of the 
polyether PGL. Likewise for PGL-N, except there is also a Ti2p asymmetric doublet peak due to 
the TiO2 nanostructure (see Supporting Information). The TiO2 also contributes an additional 
peak in the O1s region, which is more clearly seen in the high resolution data. It should be noted 
that there is no F1s signal even though XPS is particularly sensitive to fluorine. Although there is 
evidence that iCVD using BF3-dee as an initiator leads to fluorinated chain ends,21 the lack of any 
fluorine signal here suggests PGL molecular weight is high enough to prevent any chain end 
contributions from appearing. As shown in Figures 3.3(b)-(e) for the C1s and O1s high 
resolution spectra of PGL-B and PGL-N, the peaks centered at around 286 and 533 eV 
correspond to carbon-oxygen bonds of the PGL polymer that are similarly found in solution-cast39 
and iCVD21 PEO (in our case XPS is not able to further distinguish between ether and hydroxyl 
groups in PGL). For both PGL-B and PGL-N, another C1s peak located at about 285 eV can be 
resolved (Figures 3.3(b) and (c)), which can be assigned to atmospheric carbon impurities.40 
However, comparing the O1s spectra (Figures 3.3(d) and (e)), PGL-N has additionally resolved 
O1s peaks associated with TiO2 as they are also found in pristine TiO2 nanoparticle layers without 
PGL polymer (see Supporting Information). The peak centered at 529.8 eV is assigned to Ti–O 
bonds of TiO2 while the much weaker peak at 530.8 eV is believed to be Ti–OH groups residing 
on the TiO2 nanoparticle surface, which have also been observed in pure Ti metal treated with 
acid and alkali that generates surface hydroxyl groups.41 The resolved peak positions and 
assignments as well as their corresponding peak intensities after accounting for elemental 
sensitivity factors and expressed in terms of atomic percentages are summarized in Table 3.1. 
Based on Table 1, the carbon-to-oxygen ratios for the polymer in PGL-B and PGL-N are 3.05:2 
and 3.15:2, respectively, which are in excellent agreement with the theoretical ratio of 3:2 
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expected for stoichiometric PGL (Figure 3.1(b)) and provide quantitative support that iCVD 
leads to a well-defined ring opening polymerization of glycidol.  
 
 
 
 
Figure 3.3 (a) Survey XPS spectra of PGL-B bulk polymer (upper) and PGL-N polymer-TiO2 
nanocomposite (lower). High-resolution XPS C1s spectra of (b) PGL-B and (c) PGL-N, and O1s 
spectra of (d) PGL-B and (e) PGL-N. By resolving the PGL peaks through non-linear least 
squares regression, the C:O ratios of 3.05:2 and 3.15:2 for PGL-B and PGL-N, respectively, are 
in remarkable agreement with the stoichiometric 3:2 ratio for linear PGL. 
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Table 3.1 Binding energy and percent area of resolved XPS spectral peaks. 
 
 
 
 
Solution 1H NMR was further used to elucidate in more detail the chemical structure of 
iCVD PGL. Here, only PGL-B was probed as a representative case. As Figure 3.4(a) shows, 
PGL-B has peaks in the range of 3.2–3.9 ppm that can be assigned to CH and CH2 units.37,42 
There is also a series of peaks between 4.4 and 4.8 ppm corresponding to OH groups.37,42 The 
sharp signal at 3.33 ppm comes from the water adsorbed onto 3Å molecular sieve that was used 
to treat the NMR samples before analysis as this enabled a clearer identification of the OH signal 
from PGL. Subtracting out the contribution of this water signal, the ratio of the integrated area of 
CHx to OH protons is 4.82:1, which corresponds well to the stoichiometric 5:1 ratio expected for 
the PGL repeat unit. Interestingly, the complex signal related to OH is observed to have three 
distinct main peaks, as seen more clearly in the inset of Figure 3.4(a), which are assigned as 
primary OH (1; 4.74 ppm), secondary OH (3; 4.45 ppm), and OH groups at the polymer chain 
end (2; 4.60 ppm). Similar to what is found in PGL synthesized through liquid-phase cationic 
polymerization of glycidol, these finer features arise from the various OH bonding environments 
that form as a result of the various polymerization pathways.43,44 By fitting the composite OH 
peak to the individual OH contributions and integrating the individual peak areas, the area ratio is 
found to be 2:1:4, corresponding to secondary, chain end, and primary OH groups. The nature of 
Core Level 
Electrons 
Bonding 
Environment 
PGL-B PGL-N 
Binding Energy 
(eV) 
Area 
(at.%) 
Binding Energy 
(eV) 
Area 
(at.%) 
C1s 
C*–O 286.1 54.1 286.2 29.8 
Carbon impurities 284.6 10.4 284.9 16.9 
O1s 
C–O* 532.5 35.5 532.6 18.9 
TiO2* - - 529.8 30.8 
TiO*–H - - 530.8 3.6 
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these peaks can be understood from the two well-known reaction pathways (ACE and AM 
mechanisms) for the ring opening cationic polymerization of PGL from glycidol.43 As explained 
in Figure 3.4(b), the active chain end (ACE) mechanism in which the cation resides on the 
propagating polymer chain leads to the formation of primary OH groups that preserves the 
CH2OH pendant group and results in a three-atom (1-3) chain repeat unit. In contrast, as 
described in Figure 3.4(c), the activated monomer (AM) mechanism in which the cation resides 
instead on the glycidol monomer results in the formation of secondary OH groups in a four-atom 
(1-4) chain repeat unit. From Figure 3.4(a), the higher intensity of the primary OH peak 
compared to that of the secondary OH peak indicates that the selected iCVD synthesis conditions 
favored the ACE over the AM mechanism for PGL polymerization.  
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Figure 3.4 (a) 1H NMR spectrum of PGL-B. Inset shows three distinct OH peaks that can be 
assigned to primary, secondary, and terminal hydroxyl units. The 4.82:1 intensity ratio of CHx to 
OH protons is close to the theoretical 5:1 value for stoichiometric PGL. The sharp peak denoted * 
represents the molecular sieve contribution. (b) Active chain end (ACE), and (c) activated 
monomer (AM) reaction mechanisms for the cationic ring opening polymerization of PGL.  
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Qualitatively, SEM was used to determine the level of PGL growth and pore filling inside 
the mesoporous TiO2 nanostructure, see Figure 3.5. The uncoated TiO2 layer, with layer 
thickness of 3–4 µm, is made up of a sintered network of dispersed nanoparticles, which 
correspondingly yields an interconnected 3D network of nanoscale pores of 15–20 nm in average 
diameter, as shown in Figures 3.5(a) and (b). During iCVD, PGL conformally grows on the pore 
surfaces and gradually fills up the pore space in the whole TiO2 nanostructure, as revealed by 
Figures 3.5(c) and (d). The iCVD synthesis conditions have been optimized by studying the 
deposition and pore filling behavior at different Pm/Psat values for glycidol of 0.22, 0.35 and 0.44, 
which corresponds to Kn number of 7700, 7000 and 5000, respectively. At such high Kn, in 
which gas transport is dominated by Knudsen diffusion for gas transport, it is critical that iCVD 
operates within a reaction-limited regime in which diffusion of reactive precursors within the 
porous nanostructure is sufficiently rapid to ensure uniform growth through the entire cross-
section of the TiO2 layer. Operating outside this regime, i.e. under diffusion-limited conditions, 
results in a lack of growth inside the pores and instead polymerization is mostly on top of the 
porous nanostructure, as shown in Figure 3.6. This deposition behavior is very similar to the 
iCVD growth of poly(2-hydroxyethyl methacrylate) (PHEMA) by way of a free radical 
polymerization mechanism in mesoporous TiO2 that also showed a distinct operating regime for 
enabling effective polymer pore filling.22 As Figure 3.5(e) shows, if the iCVD reaction is run for 
sufficiently long deposition times, eventually the pores become filled and a top layer of bulk PGL 
polymer forms. Cross-sectional SEM reveals as an example a 3.4 µm TiO2 layer that has about 
142 nm of a top PGL film after a total iCVD run time of 2.5 h.   
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Figure 3.5 SEM images of (a) side and (b) top views of bare TiO2 nanostructure, and likewise of 
(c) side and (d) top views of PGL-N polymer-TiO2 nanocomposite. After iCVD, individual TiO2 
nanoparticles are no longer observable, instead larger areas of coated particles are seen. 
Eventually, the entire structure is filled and a top layer of bulk PGL forms above the TiO2 
nanostructure. The full cross-section of PGL-N in (e) shows a TiO2-polymer composite layer of 
~3.4 µm and a top PGL layer of ~142 nm (brighter region from stronger electron accumulation 
with the insulating polymer). Scale bar = 500 nm in all images. 
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Figure 3.6 Cross-sectional SEM images of TiO2 nanostructures after iCVD at different Pm/Psat 
values of the glycidol monomer. All scale bars = 500 nm. 
 
 
 
Quantitatively, the level of pore filling of PGL in PGL-N can be derived through TGA 
data. In addition, TGA also provides a measure of thermal stability, which allows a comparison 
between PGL-B bulk polymer and PGL-N in a polymer-TiO2 nanocomposite. As seen in Figure 
3.7, for PGL-B and PGL-N, both show a weight loss event starting at around 100 °C that can be 
attributed to absorbed water loss. For PGL-B, this loss comes to an end before 170 °C while for 
PGL-N, this loss extends to around 230 °C. Studies have found that, when water is absorbed into 
a hydrophilic matrix, the trapped water molecules are gradually released when the temperature 
reaches above 100 °C.45 The wider temperature window for water release in PGL-N has similarly 
been observed in other polymer nanocomposites and could be related to the interaction of the 
polymer with the nanofiller. For example, in nanocomposites containing a montmorillonite clay 
nanofiller, the temperature needed to release the water trapped in the interlayers of the clay 
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platelets can reach up to 300 °C.46 So compared with PGL-B bulk polymer, the higher 
temperature required for complete water removal from the PGL-N nanocomposite (230 vs. 170 
°C) suggests that water is more tightly associated with the material and the TiO2 mesoporous 
structure acts as a diffusion barrier against water escape.  
The weight loss event subsequent to water evaporation at higher temperature is related to 
the onset of the decomposition of PGL. For PGL-B, the bulk polymer shows a relatively sharp 
degradation centered at 398 °C, which corresponds closely with the thermal decomposition of 
bulk PGL synthesized in the liquid phase with peak values reported at 383 °C and 404 °C.37,47 For 
PGL-N, there appears to be a broad temperature range that commences around 250 °C and 
continues to near 600 °C. As the derivative curve of the weight loss reveals more clearly, there is 
a loss centered at 389 °C similar to PGL-B. However, the major weight loss is centered around 
313 °C. This lower degradation temperature suggests that the average molecular weight of PGL 
in the TiO2 nanostructure is smaller than that of bulk PGL even though analogous iCVD synthesis 
conditions were used. The small derivative peak at 389 °C similar to bulk PGL could be due to 
the bulk top layer above the TiO2 nanostructure (see Figure 3.5(e)). There is also a small and 
much broader derivative peak above 400 °C and ending around 600 °C. The nature of this 
decomposition is not entirely clear. Higher molecular weight polymer is very unlikely given that 
diffusion-limited, slow deposition rate kinetics used in ensuring pore filling in the TiO2 
nanostructure typically yield lower molecular weight polymer.19,20 It is conceivable that this could 
be a result of the stabilization of PGL in the vicinity of the TiO2 nanoparticle surface, which 
might increase the temperature needed to degrade the polymer. This positive polymer-substrate 
interaction is further demonstrated with the glass transition behavior discussed below. 
Quantitatively, the TGA data show the PGL-B sample contains 9.5 wt% absorbed water 
with the remaining 90.5 wt% being PGL that decomposed cleanly. In contrast, the PGL-N 
nanocomposite sample contains 6.3 wt% absorbed water, 16.5 wt% PGL polymer, and the 77.2 
wt% remainder is TiO2 that is thermally stable up to 700 °C in the TGA runs. Not accounting for 
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the weight of absorbed water in the nanocomposite, the TiO2 nanoparticle loading of 82 wt% in 
PGL-N is extremely high. With the PGL-N data, it is now possible to estimate the percent pore 
filling of PGL within the TiO2 nanostructure, defined here as the ratio of the polymer volume to 
the available pore volume, which can be written specifically as22:  
%  pore  filling = !!"#!!"#! !!"#!!!"# !!!! − !!" ×100%    (3.1) 
where 𝑚!"# and 𝑚!"#! are the mass of PGL and TiO2 taken from TGA, 𝜌!"# and 𝜌!"#! are the 
densities of PGL and TiO2 taken as 1.00 and 3.83 g/cm3,48 respectively, 𝜀 is the porosity of the 
TiO2 nanostructure, which is 0.45 based on our previous nitrogen porosimetry measurements,22 
and 𝐻 and 𝛿 represent the height of the porous TiO2 layer (3.4 µm) and thickness of the bulk PGL 
top layer (142 nm), respectively, as measured by SEM. For the density of PGL, we took the 
density of amorphous poly(propylene glycol)49 (1.00 g/cm3) as being a representative value. 
Based on Equation 3.1, approximately 91% pore filling is achieved in the iCVD of PGL within 
the TiO2 nanostructure, i.e. 91% of the initial pore space is occupied by the PGL polymer after 
iCVD. This corresponds to an effective TiO2 nanoparticle loading of roughly 54 vol% of the 
whole nanocomposite. 
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Figure 3.7 TGA analysis showing (a) percent weight loss and (b) derivative of the percent weight 
loss of PGL-B bulk polymer and PGL-N polymer-TiO2 nanocomposite. Both PGL-B and PGL-N 
show weight loss due to desorption of water at temperatures lower than 250 °C. Above 250 °C, 
weight loss is associated with the PGL polymer. PGL-B decomposes cleanly and completely 
while PGL-N shows a residual weight from the thermally stable TiO2 up to 700 °C. 
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Further thermal analysis was carried out by DSC. From Figure 3.8(a), the as-deposited 
PGL-B bulk polymer shows a glass transition temperature (Tg) of –31.1(±2.4) °C, which is taken 
as the inflection point temperature in the DSC trace. It is known that the Tg of PGL is sensitive to 
the amount of absorbed water in the polymer. Literature has shown that for liquid-polymerized 
PGL containing 6–12% of residual water, Tg is in the range of –30 to –40 °C.50 This is in good 
agreement with the data for iCVD PGL-B since TGA shows it has 9.5 wt% absorbed water. With 
PGL in a drier state, literature has found that Tg can increase to –8 to –12 °C.50 Thus, we dried the 
as-deposited PGL-B by placing samples in a vacuum oven at 100 °C for 1 h, and weighing the 
sample before and after drying. Weight loss was found to be ~10 wt%, which matches well with 
the water weight loss measured by TGA. As Figure 3.8(c) shows, Tg of PGL-B upon drying 
increases to –0.2 °C as a result of losing the plasticizing effect of water in the polymer matrix.45 
The higher Tg of dried PGL-B compared to literature values of dried bulk PGL could be due to 
more complete drying and more facile loss of water from thin iCVD films compared to liquid-
synthesized bulk material. It should also be noted that DSC did not reveal any melting or 
crystallization behavior, indicating that the molecular structure of PGL with the pendant hydroxyl 
side group prevents crystallization, which is unlike the polyether PEO that is known to be highly 
crystallizable.21,51  
More noteworthy are the changes in glass transition of iCVD PGL confined within the 
mesoporous TiO2 nanostructure when compared to its bulk planar film counterpart. As shown in 
Figure 3.8(b), the as-grown PGL-N in the polymer-TiO2 nanocomposite displays a remarkable Tg 
increase of over 60 °C to a value of +32.0(±1.0) °C vs. –31.1(±2.4) °C for as-grown PGL-B. This 
large increase is echoed in the PGL-N which underwent the same drying treatment as PGL-B, as 
seen in Figure 3.8(d). In this case, Tg increased from –0.2 to +50.0 °C. In both cases, the 
observed increase in Tg is most likely not due to an increase in molecular weight, which can lead 
to a Tg rise, since the TGA results indicate PGL-N has an average molecular weight that is lower 
than PGL-B so a drop in Tg should have been seen instead. To understand the underlying cause 
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for the dramatic increases in Tg, the role of the TiO2 nanoparticle substrate and its interaction with 
the surrounding polymer and effect on polymer dynamics have to be considered.  
Even with small quantities of nanofiller, reports have found increases in Tg when there is 
an attractive interaction between the polymer and nanofiller surface.2,8-10 The increment of Tg is 
proportional to the amount of nanofiller in various polymer systems. For example, the Tg of 
polyphenylsulfone increased by 1.4–6.5% compared to pure polyphenylsulfone when 0.5–5 wt% 
of TiO2 nanoparticles were added.9 For a higher TiO2 loading of 2–15 wt%, poly(amic acid) 
nanocomposites showed an increase in Tg of 2–20%.10 Other nanocomposite systems, such as 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with ZnO,8 and poly(4-vinyltriphenylamine) with 
SiO2,2 also display an increase in Tg with higher nanofiller loadings. This phenomenon is 
attributed to the confinement of polymer within the nanoparticle network that inhibits segmental 
chain motion and reduces free volume. Moreover, strong hydrogen bonding interaction between 
electronegative atoms (e.g. N, O, S) in the polymer chains and the hydroxyl moieties on the 
nanofiller surface can cause an effective immobilization of the polymer chains. Thus, it is quite 
likely that the Tg increases seen here are due to positive interactions between PGL and TiO2 
which act to severely restrict polymer chain mobility. From XPS, the TiO2 nanoparticle surface 
contains a sizeable amount of hydroxyl groups. These surface OH groups are available for 
hydrogen bonding with the OH moieties on the side chain and ether oxygens on the main chain of 
PGL. As portrayed in Figure 3.9, due to the high surface area (~180 m2/g)52 and high 
nanoparticle loading (82 wt%, 54 vol%) afforded by the network of sintered TiO2 nanoparticles, 
there is a much greater opportunity for attractive hydrogen bonding interactions to significantly 
hinder polymer chain motion. In fact, when PGL is confined within the interconnected pores 
created by the nanoparticle network, the fraction of PGL that encounters or "feels" the TiO2 
surface is extremely large, and as a result, dramatic increases in Tg previously not seen are now 
observed. 
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Figure 3.8 DSC analysis of (a) as-synthesized PGL-B bulk polymer and (b) PGL-N polymer-
TiO2 nanocomposite (small discontinuity at –4 °C is from instrument fluctuations), and (c) PGL-
B and (d) PGL-N after 1 h heat treatment at 100 °C under vacuum. Tg, identified as the inflection 
point, increases dramatically from polymer in the bulk to being confined within a porous 
nanostructure. Removal of absorbed water correspondingly increases the Tg for both PGL-B and 
PGL-N. 
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Figure 3.9 Significant polymer-substrate interactions are made available as a result of the 
confinement of PGL within the mesoporous TiO2 nanostructure. Strong hydrogen bonding 
between surface TiO2 hydroxyl groups and PGL hydroxyl and ether groups severely limits 
polymer chain mobility. The high degree of attractive interactions afforded by the high surface 
area, high nanoparticle loading nanocomposite system provides a reasonable explanation to the 
dramatic increases in Tg observed. 
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3.4 Conclusions 
In summary, iCVD successfully produced for the first time stoichiometric PGL via the 
cationic ring opening polymerization of glycidol. With the liquid-free iCVD approach, PGL was 
grown within the interconnected nanoscale pores of sintered TiO2 nanoparticle networks, 
reaching 91% pore filling of the available pore volume. With high Kn, gas transport is dominated 
by Knudsen diffusion, so iCVD has to be operated under reaction-limited conditions within some 
optimal Pm/Psat range, to ensure rapid diffusion and uniform growth across the thickness of the 
mesoporous TiO2 nanostructure. As a result, PGL-TiO2 nanocomposites with high TiO2 
nanoparticle loading of 82 wt% and 54 vol% were produced. The nanoscale confinement of PGL 
and strong hydrogen bonding between PGL and TiO2 are believed to severely constrain polymer 
chain dynamics to the extent that increases in glass transition temperature of 50–60 °C were 
observed. Such dramatic increases in glass transition temperature to the best of our knowledge 
have not been reported previously for polymer nanocomposites. iCVD therefore represents an 
ideal platform for creating high loading polymer nanocomposites and offers a valuable 
opportunity for investigating polymer behavior under nanoscale physical confinement, 
particularly under conditions that provide substantial polymer-substrate interactions. Polymer 
nanocomposites with high nanoparticle loading are found in a wide range of applications, 
importantly in a number of future energy capture and storage systems. The ability to understand 
the behavior and properties (including thermal, mechanical and electrochemical) of polymers 
within these highly porous 3D nanostructured systems is critical towards designing and achieving 
the best energy devices. 
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CHAPTER 4: SURFACE-DRIVEN ICVD OF POLY(2- 
HYDROXYETHYL METHACRYLATE) IN MICROCATHETERS  
4.1 Introduction 
In the previous chapter, we found that the Pm/Psat of PGL surface-driven iCVD has to be 
operated in a low region of around 0.35 when Kn is very high (>103) in order to achieve a 
conformal PGL deposition in three-dimensional nanopores with a diameter below 25 nm. Another 
similar pore filling study applying poly(2-hydroxyethyl methacrylate) (PHEMA) in our lab also 
pointed out that the optimum condition for PHEMA to completely fill up in nanopores was 
operated at low value of Pm/Psat (0.17) with Kn in the free molecular flow region (~10,000).1  
From these results, it demonstrates that reaction limited conditions are needed for conformal and 
uniform polymer growth in nanoscale. In this chapter, we are interested in polymer growth 
performance in substrates at the microscale with significantly lower Kn. As a system with 
practical applications, microscaled polydimethylsiloxane (PDMS) ventricular catheters have been 
chosen for this study. The catheter is a blind-end tube with an inside diameter of 1 mm and near 
the blind end there are a series of 0.5 mm diameter intake holes. The function of a ventricular 
catheter is to drain accumulating cerebrospinal fluid (CSF) during hydrocephalus surgery. To 
improve the efficacy of these devices, a biocompatible polymeric surface coating can be applied 
to reduce protein adsorption and undesired cell growth that leads to tube blockage. For these 
catheters, Kn is ~10-1, which is four orders of magnitude lower compared to Kn of TiO2 
nanopores from the previous chapter.  
PHEMA is one of the most versatile hydrogels in biomedical applications. PHEMA is 
similar to soft living tissue with excellent hydrophilicity, biocompatibility and resistance of 
protein fouling.2 We expect PHEMA film can be formed spectroscopically and conformally on 
3D microscaled catheters through the liquid-free iCVD technique. In this work, we report the 
method for applying PHEMA to commercially available PDMS ventricular catheters using iCVD 
as well as a detailed analysis of PHEMA film morphology on the coated catheters. Furthermore, 
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the performance of cell and tissue adhesion on PHEMA coated catheters is compared to uncoated 
control catheters in an in vitro hydrocephalus catheter bioreactor – this part of the work has been 
performed by our collaborators, Brian Hanak and his team, at the University of Washington and 
Seattle Children's Research Institute.3 
 
4.2 Materials and Methods 
4.2.1 Fabrication of PHEMA-Modified PDMS Ventricular Catheters 
The catheters used in this study were standard, 32-hole (4 rows of 8 holes), PDMS 
ventricular catheters that are used clinically (Medtronic, Dublin, Ireland).  The catheters were not 
impregnated with barium or antibiotics. The catheters were affixed to the cooled stage of the 
iCVD reactor without any pretreatment. For iCVD, 2-hydroxyethyl methacrylate monomer, 
(HEMA, Aldrich 97%) and di-tert-butyl peroxide initiator, (TBPO, Acros Organics 99%) were 
used as received. Chromaloy (Goodfellow, 0.5 mm diameter) was employed as the heated 
filament material. For PHEMA synthesis, the iCVD conditions were 0.6, 0.18, and 0.2 sccm 
(standard cubic cm per min) flows of HEMA, TBPO, and nitrogen (inert carrier gas), 
respectively, under a constant reaction pressure of 0.1 torr. The filament temperature was 
maintained at 300 °C by resistive heating use a DC power supply (DLM 60-10, Sorensen) set at 
1.4 A and 23.0 V. Through contact with an aluminum stage that is cooled to 25 °C with a 50:50 
vol% water-ethylene glycol mixture in a recirculating chiller (RTE7, Thermo Scientific), the 
catheter surface temperature was around 50 °C as measured by direct contact using a K-type 
thermocouple (Omega Engineering). To ensure more uniform coating around the samples and to 
minimize preferential coating on the top side of the catheters facing the filament array vs. the 
bottom side that is in contact with the stage, iCVD was repeated under the same conditions after 
the samples were flipped over so the down-side was up. Further details of the iCVD reactor 
system setup has been described elsewhere.4 
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4.2.2 Attenuated total reflectance Fourier transform infrared 
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were taken 
on a Thermo-Nicollet 6700 FTIR spectrometer using a zinc selenide crystal in the range of 
500−4000 cm-1 at 4 cm-1 resolution and averaged over 32 scans. Air was used as the background 
for the pristine, uncoated PDMS catheter samples while a pristine PDMS catheter was used as the 
background for PHEMA-coated samples in order to isolate the characteristic peaks of PHEMA. 
4.2.3 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) was performed on a Physical Electronics PHI 
5000 VersaProbe with a monochromatic Al-Kα excitation source (1486 eV) and charge 
compensation for the insulating samples. The X-ray beam diameter was 100 µm. High-resolution 
XPS spectra of C1s, O1s and Si2p core electrons were acquired using a 25 W beam of 100 µm 
diameter with 23.5 eV pass energy, 0.05 eV step size, 100 ms dwell time and averaged over 4 
scans. The catheter samples were cut midway along their axial direction to enable analysis of both 
interior and exterior walls. 
4.2.4 Scanning electron microscopy 
Scanning electron microscopy (SEM) was conducted on a Zeiss Supra 50VP to elucidate 
surface morphology. Samples were cut parallel to each catheter’s axial direction to enable 
inspection of both interior and exterior surfaces. All SEM samples were sputtered with ~10 nm 
Pt/Pd as a conductive layer to minimize charging during imaging. All images were taken at 2kV 
to avoid damage to the polymer matrix. The magnification was set either at 5 10 or 30kx with a 
working distance of 2−3 mm. 
4.2.5 Preparation and procedure of biological testing 
As this thesis is focused on iCVD polymer coatings, the details of the biological 
procedures relevant for the intended catheter application pursued by our collaborators at the 
University of Washington and Seattle Children's Research Institute are described in detail in our 
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submitted manuscript, which is attached as Appendix A.3 Briefly, the PHEMA-coated catheters 
were tested against the uncoated controls in vitro in a hydrocephalus catheter bioreactor 
containing co-cultured astrocytes and microglia. Detailed cell attachment assays, 
immunohistochemistry, and confocal fluorescence imaging were carried out at 17-day and 6-
week time points. 
 
4.3 Results and Discussion 
 In order to apply a conformal PHEMA coating to clinically used PDMS ventricular 
catheters, the iCVD protocol, in brief, involves the delivery of monomer and initiator vapor flows 
into the iCVD chamber that is operated under a mild vacuum (~0.1−10 torr); the initiator is 
thermally activated selectively by an array of resistively heated filaments (~300−400 °C); the 
monomer and activated initiator diffuse to the surface of the sample sitting on a cooled stage (~25 
°C); subsequent monomer adsorption leads to surface polymerization at the activated initiator 
sites, resulting in the growth of a polymer film that conforms to the topology of the substrate 
surface (Figure 4.1(a)). The reaction mechanism for the iCVD polymerization of HEMA5 
follows conventional free radical polymerization,6 which, as shown in Figure 4.1(b) involves the 
thermal decomposition of a free radical initiator (e.g. peroxide) and the chain linkage of monomer 
units through opening of the vinyl bonds.  
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Figure 4.1 iCVD polymerization and coating of PHEMA on PDMS ventricular catheters. (a) 
iCVD scheme for coating of PHEMA on the catheters. Each catheter has an outer and inner 
diameter of 2 and 1 mm, respectively. There are a series of intake holes, 0.5 mm in diameter, near 
the blind end that are arranged as 8 holes spaced 1 mm apart in 4 rows at 90° apart around the 
tube circumference. (b) Free radical polymerization reaction to form PHEMA using HEMA 
monomer and TBPO initiator. With the cooling stage and heated filaments at 25 and 300 °C, 
respectively, and the reactor pressure at 0.1 torr, the actual temperature of the catheter surface 
was recorded to be ~50 °C. 
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 Following iCVD coating of ventricular catheters, the chemical structure of PHEMA was 
confirmed by FTIR and XPS spectroscopy. Figure 4.2 shows the ATR-FTIR spectra of the 
PDMS catheters before and after PHEMA coating. From the spectrum of pristine (uncoated) 
PDMS, two major peaks appearing at 1007 and 786 cm-1 are attributed to Si−O−Si and Si−(CH3)2 
stretching on the PDMS structure, respectively. Smaller peaks located at 1258 cm-1 and 2963 cm-1 
corresponding to the deformation and stretching of CH3, respectively. After iCVD coating, the 
spectrum (with the PDMS background removed) shows a peak centered around 3434 cm-1 
corresponding to the broad absorption band of OH and a peak at 1726 cm-1 associated with C=O. 
These chemical groups are only found on PHMEA (see Figure 4.1) and suggest that iCVD 
PHEMA film was deposited on the PDMS catheters. These peaks along with other PHEMA 
characteristic peaks, including CO stretching (1300−1200 cm-1), CH bending (1500−1350 cm-1) 
and CH stretching (3050−2800 cm-1), were similar to iCVD PHEMA FTIR spectra published 
previously.7 The region below 1100 cm-1 shows residual and negative absorptions related to 
artifacts from subtraction of the PDMS background.  
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Figure 4.2 Qualitative spectroscopic analysis of uncoated and PHEMA-coated PDMS ventricular 
catheters. ATR-FTIR spectra of (a) pristine and (b) iCVD PHEMA-coated PDMS catheters. The 
PDMS background was subtracted out of the PHEMA-coated PDMS spectrum. The OH (3434 
cm-1) and C=O (1726 cm-1) peaks of PHEMA suggest that PHEMA was successfully deposited 
on the catheters.   
 
 
 
To more quantitatively define the chemical structure of iCVD PHEMA coated on the 
catheters, high resolution XPS spectra were acquired as shown in Figure 4.3. From Figures 
4.3(a)-(c), the C1s, O1s and Si2p3/2 peaks of PDMS located at 284.7, 532.0 and 101.6 eV, 
respectively, correspond to peaks of the PDMS polymer.8 For Si2p, there is an additional Si2p1/2 
peak located at 102.3 eV, which is due to spin orbit splitting that has the expected binding energy 
split and 1:2 intensity ratio relative to the Si2p3/2 peak. For C1s and O1s, there are peaks located 
at 284.2 and 531.6 eV, respectively, which can be attributed to adventitious adsorbed impurities 
from exposure to the atmosphere that were present on the catheter surfaces since no sample 
cleaning or pretreatment was carried out. From the fitted high resolution spectra, after accounting 
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for elemental sensitivity factors, the estimated atomic ratio between carbon, oxygen and silicon of 
uncoated PDMS is 2.1:1.0:1.0, which is close to the theoretical ratio of 2:1:1 for stoichiometric 
PDMS. The XPS peaks and their assignments are summarized in Table 4.1. After depositing 
iCVD PHEMA on the PDMS catheters, as shown in Figures 4.3(d)-(f), only peaks associated 
with the PHEMA are visible. Given that XPS is a surface-sensitive technique, probing only about 
10 nm of the top surface, the much thicker PHEMA coating essentially blocks the underlying 
PDMS from being probed, and so the Si2p peak from the PDMS has disappeared completely. The 
C1s and O1s peaks correspond to that of PHEMA only, as seen by the fitted peaks and their 
corresponding assignments that are also provided in Table 4.1. The estimated carbon to oxygen 
ratio of iCVD PHEMA is 2.5:1.0, which is close to the theoretical ratio for stoichiometric 
PHEMA.8 The quantitative XPS data coupled with the qualitative FTIR results demonstrate that 
iCVD PHEMA with the expected PHEMA chemistry has been formed. The much lower amount 
of carbon (and no oxygen) impurities observed on the PHEMA surface compared to the uncoated 
PDMS surface is due to the clean iCVD environment during PHEMA synthesis as well as to 
careful post-iCVD storage of samples in vacuum-sealed containers prior to XPS analysis. 
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Figure 4.3 Quantitative spectroscopic analysis of uncoated and PHEMA-coated PDMS 
ventricular catheters. High resolution C1s, O1s, and Si2p XPS spectra of pristine (a)-(c) and 
iCVD PHEMA-coated (d)-(f) PDMS catheters with their corresponding fitted peaks and peak 
assignments (see Table 4.1 also). The C:O:Si ratio of pristine PDMS, estimated at 2.1:1.0:1.0, 
agrees well with stoichiometric PDMS. The C:O ratio of the PHEMA coating, estimated at 
2.5:1.0, is close to that of stoichiometric PHEMA. The disappearance of Si in the PHEMA-coated 
sample indicates the PHEMA coating is sufficiently thick to prevent the underlying PDMS 
substrate from being probed. 
	   60 
Table 4.1 Position and percent area of fitted peaks in high resolution XPS spectra. 
 
 
 
 
 
The morphology of uncoated and iCVD PHEMA-coated PDMS catheters as revealed by 
SEM are shown in Figure 4.4. The pristine PDMS catheter surface is smooth and void of any 
large surface features based on the top and side views as shown in Figures 4.4(a) and (b). After 
iCVD PHEMA deposition, the surface morphology became rougher as seen in the top views in 
Figures 4.4(c) and (e) and there is a clear demarcation of the PHEMA coating from the 
underlying PDMS substrate in the side views in Figures 4.4(d) and (f). The value of Pm/Psat in 
this work is 0.25 and the Kn numbers corresponding to 1 mm tube and 0.5 mm intake hole 
diameters of the catheter are 0.18 and 0.36, respectively. At such low Kn (< 1) compared to 
nanoporous systems, the PHEMA coating appears to fully cover the microcatheter surface quite 
easily with no noticeable defects such as pinholes or cracks. A much larger Pm/Psat window is 
Core Level 
Electrons 
Peak 
Number Bonding Environment Binding Energy (eV) Area (atomic %) 
PDMS ventricular catheter 
C1s 
− Carbon impurities 284.2 32.7 
1 C*–Si 284.7 31.5 
O1s 
− Oxygen impurities 531.6 5.8 
2 Si–O* 532.0 14.9 
Si2p 
− Si2p3/2 101.6 10.1 
− Si2p1/2 102.3 5.0 
PHEMA-coated catheter 
C1s 
− Carbon impurities 284.2 4.1 
3 –C*H2–C(C*H3)– 285.1 21.3 
4 –CH2–C*(CH3)– 285.7 11.0 
5 O–C–C*–OH 286.5 10.8 
6 O–C*–C–OH 287.0 10.8 
7 O–C*=O 289.1 10.5 
O1s 
8 O–C=O* 532.5 10.5 
9 O–C–C–O*H 533.2 10.5 
10 O*–C–C–OH 533.9 10.5 
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available for conformal and uniform polymer growth at the microscale with low Kn relative to the 
nanoscale with high Kn.  
Visually there are differences in the PHEMA coating on the exterior catheter wall in 
Figures 4.4(c) and (d) compared to that on the interior wall in Figures 4.4(e) and (f). Clearly, 
the PHEMA coating is much thicker on the exterior wall (>3 µm) compared to that on the interior 
wall (1−2 µm) when the coating side views on the exterior and interior walls are compared. This 
is understandable given there is greater and more facile access to reactants on the exposed surface 
during the iCVD process. From the top views, it appears that there are greater surface undulations 
of the PHEMA coating on the interior wall. Typically, larger and rougher surfaces features are 
associated with a nucleation-limited process in chemical vapor deposition.9,10 In iCVD, the 
delivery of activated initiator species to the interior surface could be hindered as these species 
need to travel through the CSF-intake holes (diameter: ~500 µm) to get there. Since the activated 
initiator species serve as the nucleation agents for polymer growth, their lower concentration in 
the catheter interior could give rise to fewer nucleation events and result in larger, rougher 
polymer structures. The lower nucleation density also supports the slower polymerization kinetics 
that yielded the thinner polymer coatings. In contrast, the diffusion of activated initiator to the 
exposed exterior surface is practically unhindered and nucleation density could be much higher, 
leading to the smaller surface undulations and thicker coatings observed. 
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Figure 4.4 Surface morphological analysis of uncoated and PHEMA-coated ventricular catheters. 
Top- and side-view SEM images of pristine (a,b) and iCVD PHEMA-coated (c,d and e,f) PDMS 
catheters. The latter pairs of images are for PHEMA coatings on the exterior (c,d) and interior 
(e,f) catheter walls, respectively. Surface roughness and feature sizes are related to the nucleation 
density for polymer growth that is affected by the accessibility of activated initiator species. Scale 
bar is 10 and 1 µm for top and side views, respectively. 
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To further investigate the PHEMA coating morphology along the catheter, several points 
in the vicinity of the intake holes and closed end have been analyzed by SEM as shown in Figure 
4.5. SEM images were taken of the exterior and interior catheter walls at various locations as well 
as of the intake hole sidewall for the 8 holes in a given row. Consistent with observations in 
Figure 4.4, for all locations probed, the PHEMA has a rougher surface texture with larger surface 
features on the interior wall compared to the exterior wall that is attributed to the higher 
nucleation density. In further support of this claim, the surface roughness and feature sizes of 
PHEMA on the intake hole sidewalls fall some where between that of the smoother exterior wall 
coating and the rougher interior wall coating. Since the activated initiator has to pass through the 
intake holes to reach the inside of the catheter tube, the concentration of these species at the 
intake hole sidewall will most likely be at an intermediate level between the more accessible 
exterior and less accessible interior. In terms of morphological variations with different positions 
along the catheter, there does not appear to be any significant change except perhaps near the 
blind end where the accumulation of activated initiator species around the interior wall might see 
an increased nucleation density and correspondingly a surface that is not as rough. Again, this 
comprehensive PHEMA coverage along with tube demonstrates that influence of collision 
frequency among species and walls can be ignored on microscaled catheter where relatively 
sufficient amount of species surrounds without difficulty encountered in nanopores. The largely 
uniform coating morphology at different locations also indicates the conformal nature and 
spatially well-distributed reaction medium of the iCVD process.  
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Figure 4.5 PHEMA coating morphology along the PHEMA-coated ventricular catheters. Top 
view SEM images at different locations along the axial direction of the catheter of the PHEMA 
coating on the exterior and interior walls (identified by n) as well as on the intake hole sidewalls 
(numbered 1–8) along a row of 8 intake holes. Surface roughness and feature sizes appear to be 
similar at various locations along the catheter indicating the highly uniform nature of the iCVD 
process. Differences in morphology on the exterior/interior/intake hole walls as well as near the 
blind end are due to differences in activated initiator availability and nucleation density. Scale bar 
is 5 and 2.5 µm for interior/exterior and intake hole surfaces, respectively. 
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PHEMA-coated and uncoated control catheters were tested in an in vitro hydrocephalus 
catheter bioreactor containing co-cultured astrocytes and microglia within an alginate hydrogel 
scaffold simulating brain parenchyma in order to determine if the PHEMA coating conferred a 
resistance to in cellular attachment.11 Cellular attachment was measured through analysis of 
integrated florescence intensity values obtained from three-dimensional confocal microscopy 
imaging of rhodamine-phalloidin (F-actin probe conjugated to the red-orange fluorescent dye, 
tetramethylrhodamine) stained cells attached at the surfaces of catheter CSF intake holes.  CSF 
intake holes were the focus of this analysis given prior study of obstructed ventricular catheters 
operatively removed from children in shunt failure, which demonstrated that CSF intake holes 
serve as niduses for astrocyte and microglia attachment.12 
We found significant reductions in cell attachment to PHEMA-coated catheters at both 
17-day and 6-week cell culture time points.  At the 17-day time point, the control and PHEMA-
coated catheter CSF intake holes had mean integrated florescence intensity values of 8.88 ± 1.97 
(n = 16) and 1.98 ± 0.46 (n = 16), respectively, thus demonstrating highly significant reduction of 
cell attachment with the PHEMA coating (p = 0.0027).  At the 6-week time point, the control and 
PHEMA-coated catheter CSF intake holes had mean integrated florescence intensity values of 
3.88 ± 0.49 (n = 32) and 1.51 ± 0.22 (n = 32), respectively, thus demonstrating highly significant 
reduction of cell attachment with the PHEMA coating (p = 0.00038). Figure 4.6 demonstrates 
representative images of the actin stain for half of the control and PHEMA-coated catheter holes 
imaged at the 17-day time point alongside the calculated integrated florescence intensity values 
for those same holes.  In addition to quantitative differences in integrated florescence intensity 
values, the nature of cell attachment to the control versus PHEMA-coated catheters appears 
qualitatively distinct.  In particular, while cells form clusters that extend beyond the PDMS 
surface of the control catheter CSF intake holes, such clustering is essentially absent on PHEMA-
coated catheters.  Instead, cells bound to the CSF intake hole surfaces of the PHEMA-coated 
catheters form a, generally sparse, monolayer.  
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Figure 4.6 Representative rhodamine-phalloid actin stain imaging for control and PHEMA CSF 
intake holes alongside calculated integrated florescence intensity values. (A) Eight representative 
CSF intake hole maximum projection images from the PHEMA coated and uncoated control 
catheter are shown at the 17-day time point.  (B) The measured integrated florescence intensity 
values for the holes imaged are shown graphically.  The CSF intake holes imaged are numbered 
one through eight, with hole one being closest to the catheter tip (most distal) and hole eight 
being closest to the alginate matrix loaded with cultured astrocytes and microglia (most 
proximal). Biological testing was carried out by our collaborators.  
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4.4 Conclusions 
Conformal PHEMA film growth in microscaled catheters is achieved at low Kn and 
Pm/Psat = 0.25. With low Kn, the influence of tube and intake hole walls on deposition is 
insignificant and consequently, a wider reaction window is available for iCVD coating since 
diffusion resistance into the interior of the catheter tube will not be controlling. This contrasts 
with the discussion of the previous chapter, in which a much narrower and finer control of iCVD 
conditions are required to ensure optimal polymer coating. Furthermore, this study demonstrates 
the feasibility of using iCVD to apply polymer coatings to a relevant application of CSF shunt 
ventricular catheters. The decreased astrocyte/microglia cell attachment to PHEMA-coated 
catheters tested in an in vitro hydrocephalus catheter bioreactor suggests that this approach could 
prove valuable for producing more failure-resistant next generation ventricular catheters.  
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CHAPTER 5: GAS-DRIVEN ICVD OF 
POLY(TETRAFLUOROETHYLENE) IN NANOPORES, 
NANORODS AND MICROPILLARS 
5.1 Introduction 
Poly(tetrafluoroethylene) (PTFE) is a well-known hydrophobic material with low surface 
energy that provides chemical and biological inertness. Such properties have been made use of by 
modifying surfaces with PTFE to achieve non-stick consumer goods, waterproofing materials, 
and sterile products. PTFE has an extremely high melting point (~325 °C) and poor solubility in 
all comment solvents.1 With the increasing drive towards miniaturization, extremely thin 
hydrophobic films in micro- and nano-structured devices are needed but yet significant challenges 
are met in trying to achieve uniform coatings that conform to the substrate's topology and 
maintain the device’s integrity. To overcome these challenges, the ideal technique would be 
capable of laying down a polymer film of a desired thickness at a desired location on a device. 
Initiated chemical vapor deposition (iCVD) is a low-energy, one step, solvent-free 
process that has demonstrated the ability to synthesize and simultaneously form polymer films 
that have the same stoichiometry as those made from liquid-base methods.2-4 In 1999, Limb et al5 
demonstrated that iCVD is able to synthesize stoichiometric PTFE chemical and physical 
properties analogous to bulk PtFE.6,7 The reaction kinetics of iCVD PTFE has been determined to 
be strongly dominated by filament temperature (Tf) under various precursor flow ratios.8 This 
behavior indicates PTFE polymerization is driven by gas phase kinetics where significant 
polymerization may start in the gas phase prior to landing on the surface due to the high volatility 
of the hexafluoropropylene oxide (HFPO) monomer, the long-lived CF2 radicals formed through 
HFPO thermal decomposition, and the high volatility of short chain fluoroalkanes. Unlike the 
surface-driven iCVD mode, for example with the iCVD of poly(glycidyl methacrylate) (PGMA),9 
Tf shows little effect on reaction kinetics when there is sufficient amount of initiator present.  
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iCVD PTFE has been successfully coated on a variety of different substrate topologies, 
such as carbon nanotube arrays and mats,10,11 nanorod arrays,12 and membranes.13 These 
substrates have sufficiently large accessible openings that freely allow radicals to diffuse in and 
polymerize. To the best of our knowledge, iCVD PTFE has not been explored for growth inside 
nanoporous spaces and further a systematic study has not been done to understand the growth 
behavior of gas-driven iCVD PTFE particularly at different Kn regimes. As we saw in the 
previous chapters with surface-driven iCVD, conformal growth of polymer can be achieved over 
a wide range of Kn, even at large Kn with nanopores. The objective of this work is to look at 
PTFE deposition behavior and determine the optimum operation window for uniform polymer 
growth of gas-driven iCVD on substrates of different length scales of spacing: micropillars (4-14 
µm), nanorods (~500 nm)12 and nanopores (~17 nm).14 
 
5.2 Materials and Methods 
For iCVD, hexafluoropropylene oxide (HFPO, Oakwood Chemical) and 
nonafluorobutanesulfonyl fluoride (FBSF, >90% Alfa Aesar) were used as the monomer and 
initiator, respectively. The phosphor bronze filament wire array (CWI wire C510) was resistively 
heated by providing a constant DC current from a DC power supply (DLM60-10, Sorensen) to 
initiate iCVD polymerization and deposition. The growth of the PTFE film was monitored in situ 
on a blank silicon wafer using a laser interferometry system that tracked in real-time the 
deposition rate. This system consisted of a 633-nm HeNe laser (JDS Uniphase) and a photodiode 
detector (Gentec Electro-Optics). Both Si nanopillar and TMV (Tobacco mosaic virus) templated 
nanorod samples were provided by Emre Ölçeroğlu and Dr. Matthew McCarthy from the 
Department of Mechanical Engineering and Mechanics at Drexel University. The Si pillars were 
made through standard photolithography and plasma etching processes. The manufacturing 
process of TMV sample has been illustrated in previous work.12 Briefly, a solution-based 
biotemplating technique is applied. Gold-coated silicon chips are submerged in virus solution for 
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24 h, where the TMV naturally self-assembles onto the surface. This is followed by immersion in 
a palladium catalyst bath for 2−3 h where palladium nanoclusters form on the TMV surface. 
Finally, the samples are placed in an electroless nickel plating solution for 2−5 min, where a thin 
shell of nickel is electrolessly deposited onto the palladium catalyst. The method of making TiO2 
nanoporous structure is the same as in section 3.2.  
 
5.3 Results and Discussion 
 iCVD PTFE can proceed through two different reaction pathways, one that is assisted by  
a separate free radical polymerization initiator (FBSF) and one that simply relies on the 
difluorocarbene radicals generated from the thermal decomposition of the HFPO precursor, as 
illustrated in Figure 5.1. For the reaction with FBSF initiator, three different radicals are 
generated from FBSF and HFPO, one of which is a longer four-carbon radical chain. Without 
FBSF initiator, radicals for initiation simply involved single carbon CF2 generated from HFPO. 
Reaction conditions of iCVD PTFE for this study are summarized in Table 5.1. The deposition 
rate is controlled within a relatively low rate of 6−32 nm/min (on silicon) to avoid having 
reaction kinetics dominating. The data shows that deposition rate increases along with increasing 
Tf. To show this more clearly, Figure 5.2 plots the deposition rate as a function of Tf, separated 
into two cases, with and without FBSF. Within each case, it is evident that there is an increase in 
deposition kinetics as Tf increases. Comparing between the two cases, the depositions without the 
added initiator requires a much higher Tf (at least 100 °C higher) to achieve the same deposition 
rate with the added FBSF. Further, the increase in rate with an increase in Tf (gradient) is sharper 
with FBSF. All these results point to the faster and greater ease of PTFE polymerization with the 
FBSF initiator compared with just using HFPO. There are several possible reasons for this 
difference. The weaker bond linking the sulfonyl group with the fluorocarbon chain in FBSF 
compared to the epoxy ring of HFPO could lead to more radicals being generated in the former 
case at the same Tf. Likewise, this leads to a lower activation energy that causes a more dramatic 
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increase in rate with Tf that is observed in the case with FBSF. Another possible reason is the 
greater likelihood of forming longer fluorocarbon chain radicals, i.e. oligomerization, in the gas 
phase with FBSF that could be more easily adsorbable on a surface, since FBSF by itself already 
generates a relatively heavier four-carbon chain unit radical compared to the single carbon CF2 
unit from HFPO. 
 
 
 
 
Figure 5.1 Two different reaction pathways of iCVD PTFE.6,8 
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Table 5.1 iCVD conditions for PTEF deposition and corresponding measured deposition rate and 
calculated Kn. 
 
 
 
 
 
 
 
Figure 5.2 Correlation of deposition rate and filament temperature (Tf) under different iCVD 
PTFE reaction pathways. It clearly shows that deposition rate is significantly increased by FBSF, 
and increases faster with increasing Tf. Without FBSF initiator, reactions need a much higher Tf 
to achieve a similar deposition rate as that with FBSF.  
Geometry of 
substrate 
FHFPO 
[sccm] 
FFBSF 
[sccm] 
FN2 
[sccm] 
Pt 
[torr] 
Tf 
[°C] 
Rdep 
[nm/min] 
Kn value 
Micropillars 3 − 7 0.17 622 20 27.7 97.0 
Nanorods 
12 0.5 − 0.4 440 6 100.0 
10 1.5 2 0.2 480 32 267.4 
Nanopores 
10 − − 0.15 509 12 7860 
3 − 7 0.2 574 8 19790 
3 − 7 0.19 602 9 20690 
3 − 7 0.17 615 19 23840 
3 − 7 0.16 641 24 24580 
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With an understanding of the kinetic behavior and deposition rate as probed by the silicon 
substrate monitor, focus now turns to the actual deposition behavior on the various complex 
substrates. Figure 5.3 displays the morphology under SEM of micropillars before and after iCVD 
PTFE deposition. The micropillar arrays consist of individual silicon pillars 5 µm in diameter and 
8–10 µm high with a interpillar spacing of 4 µm (Figures 5.3(a) and (b)) and 14 µm (Figures 
5.3(c)-(d)). Kn calculated based on the characteristic spacings of 4 and 14 µm are 97.0 and 27.7 
(as listed in Table 5.1). After iCVD PTFE deposition, Figures 5.3(b) and (c) show a darker 
region on the top half of the micropillar that conforms to the topology of the pillar (the lighter 
region at the bottom is actually uncoated as it was protected with photoresist prior to iCVD 
deposition that created the necessary contrast). The SEM results demonstrate gas-driven iCVD is 
capable of growing conformal films down to 4 µm spacing at relatively higher deposition rates 
(20 nm/min) and low Kn. 
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Figure 5.3 SEM images of Si pillars (diameter = 5 µm) with two kinds of spacing: (a,b) 4 µm, 
and (c,d) 14 µm. Image (a), (c) are inspected before iCVD PTFE deposition and image (b), (d) are 
taken after iCVD PTFE deposition. At a deposition rate of 20 nm/min, conformal deposition is 
found on the top of pillar where the bottom of pillar was covered by photoresist during iCVD 
PTFE and removed afterward for SEM inspection. Scale bar = 5 µm. (Courtesy of Emre 
Ölçeroğlu)  
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Going to the submicron scale, TMV-templated nanorod substrates provide an average 
~0.5 µm spacing in between the rods, as shown in Figure 5.4. Two deposition rates (6 and 32 
nm/min) were used to investigate the deposition performance. In Figure 5.4(a), a clear boundary 
between PTFE coated and non-coated nanorods is observed after removing photoresist covered 
on pristine nanorods, again to show the contrast between coated and uncoated rods. The darker 
color represents PTFE film, which is similar to that in Figure 5.3. The deposition performance 
under 6 nm/min deposition rate shows a smooth film that conforms with the topology of the 
nanorods, as viewed under higher magnification in Figure 5.4(b). However, when the deposition 
rate increases to 32 nm/min, the morphology of the PTFE film becomes extremely rough, as 
shown in Figure 5.4(c), and predominantly grows on the top surface of the nanorod array rather 
than through the entire nanorod array layer. This higher deposition rate was achieved with the use 
of the added FBSF initiator. The greater oligomerization and polymerization reactions in the gas 
phase (outside of the nanorod array) leads to diffusion limitations that limit uniform distribution 
of reactive species inside the nanorod array. As a result, the coating becomes extremely rough, 
non-conformal, and mostly resides on the top. With the higher Kn for this deposition, diffusion 
into the nanorod array will be dominated by collisions with the nanorod surface rather than with 
other gas species, which limits any nucleation events from happening in the gas phase critical for 
PTFE film formation.  
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Figure 5.4 SEM images of TMV-templated nanorods before and after iCVD PTFE deposition. (a) 
Coated nanorods appear darker and conforms to the nanorod topology at lower deposition rate (6 
nm/min). (b) Smooth, conformal coating under higher magnification at 6 nm/min, and (c) rough, 
non-conformal coating at higher deposition rate of 32 nm/min. Image (a) is reproduced from 
reference [12].12 
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Finally, the deposition performance of PTFE coated nanopores was inspected by SEM 
and is summarized in Figure 5.5, and the deposition conditions are listed in Table 5.1. Each 
condition was repeated 2–3 times to investigate the reproducibility of the deposition performance. 
In Figure 5.5(a), there is appreciable PTFE growth within the nanopores at a slow deposition rate 
of 8 nm/min at Kn of 19790, but some empty pore spaces remain visible. With a slight increase of 
deposition rate and Kn, Figure 5.5(b), the deposition performance becomes not as repeatable 
although in most cases, PTFE can be grown to a good extent. When deposition rate increases to 
12 and 19 nm/min (as shown in Figure 5.5(c) and (d)), the deposition performance becomes 
unstable regardless of Kn values. And with a further increase of deposition rate to 24 nm/min, fast 
deposition rate leads to a top polymer film sealing on the top of porous layer, Figure 5.5(e). 
These results strongly suggest that gas-driven polymerization kinetics makes it extremely difficult 
to uniformly grow PTFE at very high Kn even at fairly low deposition kinetics. At high Kn, the 
gas phase dominated polymerization and film nucleation reactions are impeded significantly, 
which leads to lack of stable growth within the pores. This is in contrast to the surface-driven 
mode in which surface diffusion and surface-confined polymerization processes help to enable 
reproducible and uniform growth with the same TiO2 pore nanostructures. 
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Figure 5.5 SEM images of iCVD PTFE on TiO2 nanoparticles. Unsteady deposition performance 
is found at nearly all deposition kinetics. The high sensitivity to Kn with gas-driven 
polymerization makes it difficult to achieve uniform growth within the pores. Scale bar = 500 nm. 
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5.4 Conclusions 
Significantly faster reaction kinetics have been observed with iCVD PTFE reaction 
pathways that involved an added free radical initiator that increased faster with higher filament 
temperature compared with that without the initiator. Conformal deposition is achieved in 
micropillars over a relatively broad iCVD operating window. At the submicron scale, gas-driven 
oligomerization is sensitive to Kn and deposition kinetics. Conformal coating can be achieved at 
slow deposition kinetics if Kn is not too high. However, when the geometry of the substrate 
shrinks down to the nanoscale, the extremely high Kn environment makes it very difficult for gas-
driven reactions to proceed effectively, resulting in mostly non-uniform growth. 
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CHAPTER 6: PATTERNED POLYMERS AND DIRECTED 
POLYMER GROWTH BY ICVD 
6.1 Introduction  
With the accelerated development of micro- and nanoscale systems, there is a concurrent 
need for more effective fabrication approaches. Particularly for soft organic polymer in micro- 
and nanoelectromechanical systems (MEMS, NEMS),1,2 hybrid organic-inorganic systems,3 
organic semiconductor electronics,4 organic photovoltaics5 and optoelectronic devices,6 there is a 
need for suitable polymer patterning techniques to create well-designed micro- and 
nanostructured surfaces with well maintained polymer properties. Diverse strategies in polymer 
patterning have been reported and reviewed,3,6-8 and in general, the current strategies can be 
divided into five approaches: (1) molding, (2) photolithography, (3) stamping, (4) self-
organization, and (5) direct writing. The molding approach employs elastomeric molds to stamp 
or print a liquid precursor solution on defined locations. It is capable of patterning polymers on 
the nanoscale9 but requires time for the precursor solution to diffuse into the microchannels of the 
mold and dry. In the photolithography approach, polymer patterns can be sharp and made with a 
high throughput10 but it requires solvent-based photoresists and possibly causes polymer material 
damage from radicals generated during UV irradiation are undesirable.11,12 The idea of the 
stamping-based approach is to generate a chemically contrasted surface by “ink” solutions. 
Therefore, solvent evaporation is needed between each stamping that slows down throughput. In 
self-organization, polymer patterns are highly periodic and defect-free but they are hard to design 
since the patterns are strongly dependent on polymer physics and chemistry.13 Besides, designed 
polymers need to be dissolved for film spreading, which requires solvent removal as post 
treatment as well. The direct writing approach, such as dip-pen nanolithography,14 can write 
nanoscale patterns directly on a surface by using a nanoscale probe tip with the desired material 
solution. However, throughput is relatively slow. For all the approaches currently available, 
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polymer patterns are made in solvent-based procedures requiring additional solvent removal 
afterward. 
Here, we propose initiated chemical vapor deposition (iCVD) as an accessible and rapid 
polymer patterning approach. iCVD is a solvent-free, single-step technique for producing 
polymers on surfaces through the surface polymerization of monomer adsorbed from the vapor 
phase; a series of heated filament wires are utilized to activate an initiator for initiating polymer 
growth. As an adsorption-limited process, the polymerization rate is generally proportional to the 
amount of adsorbed monomer on the surface, which is measured through the ratio of the 
monomer partial pressure to its saturated pressure at the substrate surface, Pm/Psat.15,16 When 
Pm/Psat < 1, monomer is below saturation point and polymer growth is through direct gas-to-solid 
reactions, which is generally the normal iCVD operating mode. When Pm/Psat ≥ 1, monomer 
reaches saturation and becomes supersaturated above a ratio of 1. There are only a few reports of 
iCVD operating under supersaturation.17 In the deposition of poly(glycidyl methacrylate) 
(PGMA) films under supersaturated conditions, large surface undulations were observed. As the 
level of supersaturation increased (greater Pm/Psat values), the period and amplitude of the 
undulations increased as well. This is due to the monomer condensing on the substrate with 
nucleation of droplets accompanying film growth. 
More recently, work done in our lab18 by Sruthi Janakiraman discovered that under 
supersaturation conditions, the deposition rate of iCVD poly(vinylpyrrolidone) (PVP) decreased 
significantly, to the point where for some surfaces, like silver, the deposition became almost 
negligible (see Figure 6.1). With the ability to seemingly suppress deposition on silver but not 
silicon, a heterogeneous surface pattern with areas of Ag and areas of Si forced the deposition to 
selectively occur on Si. This is attributed to the differential wetting of the VP monomer on the 
two dissimilar surface materials, as evidenced by the higher contact angle of VP on Ag compared 
to Si (see Figure 6.1). Based on these observations, this chapter extends this initial work to 
explore more in depth this differential wetting phenomena and its influence on PVP deposition 
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under supersaturation by investigating Ag/Si patterns of different dimensions, and different 
surface material pairs. In addition, poly(2-hydroxyethylmethacrylate) (PHEMA), is studied to 
examine an alternative iCVD polymer system.  
 
 
 
 
Figure 6.1 Plot of PVP deposition rate at normal and supersaturated conditions, and the 
corresponding VP monomer contact angle on different substrate surfaces.18 
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6.2 Materials and Methods 
6.2.1 Materials 
All materials were used as received without further treatment. For iCVD, 1-vinyl-2-
pyrrolidinone (VP; 99% Sigma Aldrich) and 2-hydroxyethyl methacrylate (HEMA, 97%, Sigma 
Aldrich) were used as the monomers, and di-tert-butyl peroxide (TBPO, 99% Acros organics) 
was employed as the free radical polymerization initiator. Chromaloy O (0.5 mm, annealed, 
Goodfellow) was used as the heating element for thermally activating the initiator during iCVD. 
For templating with different surface metals, TEM grids (nickel, Ted Pella) of different mesh 
sizes (100, 400, and 2000) were used as contact masks on silicon wafers (WRS Materials) during 
thermal evaporation. Thermal evaporation relied on metal source pellets with 1/8” diameter of Sn, 
Ag, Au, Cu, Cr and Ni from Kurt J. Lesker, and Al and Ti from International Advanced 
Materials.  
 
6.2.2 Preparation of compositionally heterogeneous surfaces 
Figure 6.2 illustrates the procedure of making compositionally heterogeneous surfaces. 
To create a heterogeneous pattern of two metal materials on the silicon support, a first metal was 
thermally evaporated on a silicon wafer to create a blanket film with a target thickness of ~20 nm. 
In some cases, there was no evaporation of the first metal and silicon acted as the first material. In 
the first step, the more polished side of the TEM grid was placed down on the silicon wafer 
coated with the desired blanket metal layer. Acetone was used to wet the grid and by letting the 
solvent dry in air, the TEM grid adhered to the surface and acted as the contact mask. A second 
metal was then thermally evaporated with a target thickness of 70–100 nm, after which the TEM 
grids were then peeled off to create the dual-metal patterns, where the first metal are the grid lines 
(blocked by the TEM mask from the second metal deposition) and the second metal are the grid 
holes. For each thermal evaporation, metal pellets were placed in a tungsten boat (B6, Electron 
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Microscopy Sciences) and heated in a thermal evaporator (Thermionics VE 90). To deposit each 
metal, the current was increased at increments of 20 A until a deposition rate of 1-5 Å/s was 
recorded by a quartz crystal monitor (Inficon). Different dual material systems have been made 
and investigated, and the naming convention for the various compositionally heterogeneous 
surfaces follows "second metal / first metal" or "metal / silicon" in which the left identifier refers 
to the grid hole material and right identifier denotes the grid line material. For example, Au/Ti 
refers to gold patterned onto a blanket film of titanium supported on silicon, while Ag/Si refers to 
silver patterned onto the silicon substrate directly without a first metal evaporation. The final step 
was to place the compositionally heterogeneous surface samples in the iCVD reactor and iCVD 
of PVP or PHEMA reaction was performed, as discussed in the following Section 6.2.3. 
 
 
 
 
Figure 6.2 Procedure for the preparation of compositionally heterogeneous surfaces and 
subsequent iCVD polymer growth. 
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6.2.3 PVP and PHEMA synthesis by iCVD 
iCVD was performed in the iCVD reactor system described in Section 3.2.3. For PVP 
deposition, the VP monomer and TBPO initiator source jars were maintained at 80 and 30 °C, 
respectively, to achieve sufficient vapor flow. The optimum flow rates of VP and TBPO were 1 
and 0.2 sccm (standard cm3 per min), respectively. Filament temperature was kept at 270 °C by 
resistively heating a filament array using a DC power supply (1.25 A/20.8 V), and reactor 
pressure was automatically controlled to 150 mtorr. The substrate surface temperature was varied 
through backside contact with a thermal fluid recirculating through a Neslab heater/chiller to 
adjust Pm/Psat in order to study different supersaturation conditions (as shown in Table 6.1). For 
PHEMA deposition, the same filament temperature (1.25 A/20.8 V) was applied. HEMA 
monomer and TBPO initiator source jars were heated to 70 and 30 °C, separately. TBPO initiator 
flow rate was kept at 0.05 sccm in all conditions. HEMA monomer flow rate was operated at 0.4 
sccm at substrate temperatures of 38.6 and 33.3 °C under 0.1 torr for Pm/Psat of 1.03 and 1.71, 
respectively. To achieve higher Pm/Psat at 2.11, HEMA flow was increased to 0.6 sccm 
accompanied by a higher pressure of 0.15 torr that results in Pm/Psat of 2.11 at Tsub of 35.7 °C. 
Details of the iCVD conditions are listed in Table 6.1.  
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Table 6.1 Grid patterns and iCVD conditions studied under supersaturation. The size of each 
pattern is expressed by the dimension of the square (L), which contains the second metal material, 
and the distance between squares (S), which contains the first metal material or silicon. 
 
 
 
 
 
 
6.2.4 Surface topological analysis 
Scanning electron microscopy (SEM) was performed on a Zeiss Supra 50VP. Samples 
were inspected without adding the conductive Pd/Pt sputter coating. Top-down SEM images were 
taken at a low voltage of 2 kV to avoid damage to the polymer matrix and with a working 
distance of 2−3 mm. X-ray photoelectron spectroscopy (XPS) was performed on a Physical 
Electronics PHI 5000 VersaProbe with a monochromatic Al-Kα excitation source (1486 eV) and 
charge compensation. XPS elemental mapping was carried out with a pass energy of 58.7 eV and 
a power of 1.25 W was used for probing Ag (363.0–370.5 eV) and C (281.0−288.5 eV) while a 
power of 4.6 W was used for probing N (394.5−402 eV). A dwell time of 200 ms was applied for 
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Ag and C mappings and 400 ms for N mapping. Atomic force microscopy (AFM) images were 
recorded with a Bruker NanoScope Multimode MM8 instrument under ambient conditions. The 
antimony-doped Si probes with a tip radius of 10 nm and spring constant of 42 N/m were 
purchased from Bruker (NCHV-A). Under tapping mode, images of 50 × 50 and 100 × 100 µm2 
were acquired at a scanning rate of ~ 1 Hz per line for a total of 256 lines.  
 
6.3 Results and Discussion 
 The topography of pristine Ag/Si patterns (without iCVD polymer) at L × S dimensions 
of 7.5 × 5 µm , 38 × 26 µm  and 204 × 50 µm  made using the TEM contact masks have been 
imaged by SEM and AFM, as seen in Figure 6.3. Figure 6.3(a) illustrates the expected 
compositional surface pattern after Ag metal evaporation. From Figures 6.3(b)−(d), SEM images 
show that clear and well-defined Ag squares are formed on the Si surface as a result of thermal 
evaporation against the TEM contact mask. AFM images in Figure 6.3(e)−(j) further confirm the 
SEM results, showing high fidelity of patterns of all sizes studied. AFM height estimates indicate 
that the Ag squares are 80 nm high. These results demonstrate that the TEM contact mask and 
thermal evaporation procedure is a viable approach for creating well-defined heterogeneous 
surfaces.  
After iCVD was performed on the pristine Ag/Si samples under supersaturated conditions 
at Pm/Psat = 1.43, PVP coated samples were analyzed by SEM and AFM again and images are 
displayed in Figure 6.4. Figure 6.4(a) shows the anticipated selective deposition of PVP on Si 
and not Ag. SEM images in Figures 6.4(b)−(d) qualitatively show that the respective patterns are 
preserved after iCVD PVP deposition. Further topographical analysis by AFM clearly shows that 
PVP is indeed deposited on the Si region, which corresponds to the pattern grid lines. AFM top-
down images, Figures 6.4(e)–(g) and 3D projections, Figures 6.4(n)–(p), reveal that the grid line 
regions are generally in general not lower in height than the Ag regions, indicating there is some 
deposition occurring in those regions. Particularly, for the 38 × 26 µm size, the grid line regions 
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are much higher than the surrounding Ag squares, strongly indicating that PVP has selectively 
grown in these regions. Line traces across the grid lines, Figures 6.4(h)–(j), reveal this growth 
quite clearly, again with the 38 × 26 µm size showing significant polymer growth of 230 nm in 
height. With the larger grid of 204 × 50 µm, the much larger Si surface region means polymer 
growth is spread out more over a larger area, yielding shorter polymer growth features. At the 
other extreme, with the smallest grid of 7.5 × 5 µm, there appears to be undulations along the grid 
lines that are seen particularly in the 3D projection as well as a line trace along the grid line, 
whereas line traces for the other two grid sizes do not have such significant undulations, see 
Figures 6.4(k)–(m). The undulations indicate more polymer grows at the intersecting points 
where grid lines meet and less along the grid line between two adjacent squares. Presumably, 
there is more accessible Si area at the intersections that allow more favorable wetting and 
polymerization.   
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Figure 6.3 SEM and AFM images of pristine Ag/Si surfaces. (a) Illustration of Ag/Si pattern 
expected after thermal evaporation of Ag against a TEM contact mask on Si. SEM images taken 
under 250x magnification for pristine Ag/Si samples (without iCVD polymer) with L × S 
dimensions of (b) 204 × 50 µm, (c) 38 × 26 µm and (d) 7.5 × 5 µm, and corresponding AFM 2D 
height distributions (e)−(g) as well as AFM 3D height distributions (h)−(j). It shows that Ag/Si 
patterns are well-replicated from the TEM masks.  
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Figure 6.4 SEM and AFM images of PVP deposited on Ag/Si. (a) Illustration of the anticipated 
PVP pattern on the Ag/Si surface. SEM images of PVP deposited on Ag/Si samples with L × S 
dimensions of (b) 204 × 50 µm, (c) 38 × 26 µm and (d) 7.5 × 5 µm. Corresponding to these are 
AFM 2D height images (e)-(g), line traces across grid lines (h)-(j) cutting along white line in (e)-
(g), line traces along grid lines (k)–(m) cutting along with blue line in (e)-(g), and 3D projections 
(n)–(p). Data suggests PVP has been selectively deposited over the Si regions under 
supersaturated iCVD conditions.  
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To more conclusively show that PVP is selectively deposited in the Si regions and not on 
the Ag squares of the Ag/Si patterns, XPS elemental mapping was performed. As shown in 
Figure 6.5 for the 38 × 26 µm pattern, Ag is exclusively confined to the grid squares while C and 
N corresponding to the PVP polymer are exclusively in the grid lines. We hypothesize that under 
supersaturated VP monomer conditions, the VP monomer liquid preferentially nucleates on Si. 
Even if VP liquid happens to form on Si, due to the lack of wettability, the liquid most likely rolls 
off onto the Si regions where it polymerizes. It is this differential wetting, with the lower surface 
energy of Ag compared to Si (1.219,20 vs. 2.121 J/m2), that enables selective and preferential 
deposition of PVP on Si. To lend further support for this hypothesis of differential wetting 
leading to preferential deposition under supersaturation, different metal pair combinations were 
studied, including Ag/Ti, Ag/Cr, and Ag/Ni at the 38 × 26 µm grid size. iCVD was carried out 
supersaturated conditions at Pm/Psat = 1.53 (actual iCVD conditions are listed in Table 6.1). From 
Figure 6.6, the SEM images indicate that polymer has selectively deposited in the grid lines with 
Ti, Cr, or Ni as they have higher surface energies (2.0,19,20 2.3,20 2.419,20 vs. 1.219,20 for Ag). This is 
the same behavior as for the Ag/Si system and demonstrates the broader applicability of the 
patterning technique based on an understanding of the driving forces that lead to selective PVP 
growth. 
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Figure 6.5 XPS elemental mapping of PVP deposited on 38 × 26 µm Ag/Si pattern. 
 
 
 
The SEM reults of PVP deposited surfaces are displayed in Figure 6.6. Similar Ag 
squares as Figure 6.4 suggests that PVP undergoes a clearly selective wettability on Ag/Ti, 
Ag/Cr and Ag/Ni samples. Yet, a slightly difference between Figure 6.6(a)-(c) is observed. On 
Ag/Cr sample, a broader boundary appears along with Ag squares which is not observed in Ag/Ti 
and Ag/Ni samples.  Also, few dark spots on Ag surface of Ag/Ti and Ag/Ni samples do not 
show up in Ag/Cr sample. It clues that different compositional surfaces drive different 
performance of PVP patterning. Overall, Figure 6.6 suggest that wettability dominates the 
performance of PVP pattern under supersaturated condition. But this suggestion needs to be 
further confirmed by XPS elemental mapping analysis.  
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Figure 6.6 SEM images of PVP deposition on compositional surface of (a) Ag/Ti,  (b) Ag/Cr and 
(c) Ag/Ni at pattern of L×S = 38 µm × 26 µm. The results found selective PVP deposition on each 
surface pair. Scale bar = 20 µm. 
 
 
 
To further understand the mechanism of iCVD polymer patterning, another iCVD 
polymer, PHEMA, is applied to confirm the importance of wettability. Due to the benefit of better 
selectivity on small Ag pattern, 7.5 µm × 5 µm Ag/Si samples were selected and deposited 
PHMEA at various Pm/Psat conditions listed in Table 6.1 The SEM result of PHEMA selective 
deposition study is shown in Figure 6.7. SEM images show no distinguishable patterns on Ag/Si 
samples after PHEMA supersaturated conditions. To understand the poor selectivity of PHEMA, 
we found that the deposition rate of PHEMA is 2~3 times faster than PVP under supersaturated 
condition. Although deposition rate of PHEMA under supersaturation has not been studied, its 
deposition rate22 is at 5~6 times faster than PVP23 under iCVD conditions at Pm/Psat  < 1. Thus, 
the poor selectivity might be caused by a fast reaction rate that dominates the competition 
between wettability and polymerization so that PHEMA polymerizes before selective wetting 
phenomena occurs. Based on the result of PHEMA, we suggest that polymer for patterning 
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should select one with slow reaction rate to prevent reaction rate surpasses wetting rate under 
iCVD supersaturated conditions. 
 
 
 
 
Figure 6.7 SEM images (a)-(c) of Ag/Si sample (7.5 µm × 5 µm) after iCVD PHEMA reactions 
under different value of Pm/Psat. The result shows PHEMA patterning is failed under Pm/Psat 
widow between 1.0 to 2.1. Scale bar = 20 µm. 
 
 
 
6.4 Conclusions 
By performing iCVD under supersaturated monomer conditions (Pm/Psat > 1), selective 
polymer deposition and growth can be achieved on surfaces that favor wetting of the monomer. A 
key factor influencing selectivity is the differential wettability of the dissimilar surface materials. 
A larger difference in surface energy between the two materials likely drives the monomer to the 
higher energy surface, leading to selective growth on this material. Another important factor that 
affects selectivity is the relative rates of polymerization and condensation. A low reaction rate 
allows monomer to efficiently move toward the higher energy surface. Otherwise, if reaction is 
too fast, polymer tends to deposit everywhere. The ability to utilize iCVD and its supersaturation 
mode as a means to direct polymer growth and achieve spatial polymer patterns opens up a new 
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direction for iCVD as an enabling solvent-free technology in the development of patterned 
architectures and designs for applications in biomedicine, energy, electronics, and 
electromechanical systems. 
 
6.5 References 
1.	   Blawas,	  A.	  S.;	  Reichert,	  W.	  M.	  Protein	  patterning.	  Biomaterials	  1998,	  19,	  595-­‐609.	  
2.	   Yoo,	  S.	  K.;	  Lee,	  J.	  H.;	  Yun,	  S.-­‐S.;	  Gu,	  M.	  B.;	  Lee,	  J.	  H.	  Fabrication	  of	  a	  bio-­‐MEMS	  based	  cell-­‐chip	  for	  
toxicity	  monitoring.	  Biosensors	  and	  Bioelectronics	  2007,	  22,	  1586-­‐1592.	  
3.	   ten	  Elshof,	  J.	  E.;	  Khan,	  S.	  U.;	  Göbel,	  O.	  F.	  Micrometer	  and	  nanometer-­‐scale	  parallel	  patterning	  of	  
ceramic	  and	  organic–inorganic	  hybrid	  materials.	  Journal	  of	  the	  European	  Ceramic	  Society	  2010,	  30,	  1555-­‐
1577.	  
4.	   Black,	  C.	  T.;	  Ruiz,	  R.;	  Breyta,	  G.;	  Cheng,	  J.	  Y.;	  Colburn,	  M.	  E.;	  Guarini,	  K.	  W.;	  Kim,	  H.	  C.;	  Zhang,	  Y.	  
Polymer	   self	   assembly	   in	   semiconductor	   microelectronics.	   IBM	   Journal	   of	   Research	   and	   Development	  
2007,	  51,	  605-­‐633.	  
5.	   Yang,	  Y.;	  Mielczarek,	  K.;	  Aryal,	  M.;	  Zakhidov,	  A.;	  Hu,	  W.	  Nanoimprinted	  Polymer	  Solar	  Cell.	  ACS	  
Nano	  2012,	  6,	  2877-­‐2892.	  
6.	   Xu,	  Y.;	  Zhang,	  F.;	  Feng,	  X.	  Patterning	  of	  Conjugated	  Polymers	  for	  Organic	  Optoelectronic	  Devices.	  
Small	  2011,	  7,	  1338-­‐1360.	  
7.	   Nie,	  Z.;	  Kumacheva,	  E.	  Patterning	  surfaces	  with	  functional	  polymers.	  Nat	  Mater	  2008,	  7,	  277-­‐290.	  
8.	   Olivier,	   A.;	   Meyer,	   F.;	   Raquez,	   J.-­‐M.;	   Damman,	   P.;	   Dubois,	   P.	   Surface-­‐initiated	   controlled	  
polymerization	   as	   a	   convenient	  method	   for	  designing	   functional	   polymer	  brushes:	   From	   self-­‐assembled	  
monolayers	  to	  patterned	  surfaces.	  Progress	  in	  Polymer	  Science	  2012,	  37,	  157-­‐181.	  
9.	   Guo,	   L.	   J.	   Nanoimprint	   Lithography:	  Methods	   and	  Material	   Requirements.	  Advanced	  Materials	  
2007,	  19,	  495-­‐513.	  
10.	   Jensen,	   J.;	   Dyer,	   A.	   L.;	   Shen,	   D.	   E.;	   Krebs,	   F.	   C.;	   Reynolds,	   J.	   R.	   Direct	   Photopatterning	   of	  
Electrochromic	  Polymers.	  Advanced	  Functional	  Materials	  2013,	  23,	  3728-­‐3737.	  
 98 
11.	   Abdou,	  M.	   S.	   A.;	   Xie,	   Z.	  W.;	   Leung,	   A.	  M.;	   Holdcroft,	   S.	   Laser,	   direct-­‐write	  microlithography	   of	  
soluble	  polythiophenes.	  Synthetic	  Metals	  1992,	  52,	  159-­‐170.	  
12.	   Kim,	   J.;	   You,	   J.;	   Kim,	   E.	   Flexible	   Conductive	   Polymer	   Patterns	   from	   Vapor	   Polymerizable	   and	  
Photo-­‐Cross-­‐Linkable	  EDOT.	  Macromolecules	  2010,	  43,	  2322-­‐2327.	  
13.	   Nurmawati,	  M.	  H.;	  Renu,	  R.;	  Ajikumar,	  P.	  K.;	  Sindhu,	  S.;	  Cheong,	  F.	  C.;	  Sow,	  C.	  H.;	  Valiyaveettil,	  S.	  
Amphiphilic	   Poly(p-­‐phenylene)s	   for	   Self-­‐Organized	   Porous	   Blue-­‐Light-­‐Emitting	   Thin	   Films.	   Advanced	  
Functional	  Materials	  2006,	  16,	  2340-­‐2345.	  
14.	   Piner,	  R.	  D.;	  Zhu,	  J.;	  Xu,	  F.;	  Hong,	  S.;	  Mirkin,	  C.	  A.	  &quot;Dip-­‐Pen&quot;	  Nanolithography.	  Science	  
1999,	  283,	  661.	  
15.	   Lau,	  K.	  K.	  S.;	  Gleason,	  K.	  K.	  Initiated	  Chemical	  Vapor	  Deposition	  (iCVD)	  of	  Poly(alkyl	  acrylates): 	  An	  
Experimental	  Study.	  Macromolecules	  2006,	  39,	  3688-­‐3694.	  
16.	   Lau,	  K.	  K.	  S.;	  Gleason,	  K.	  K.	  Initiated	  Chemical	  Vapor	  Deposition	  (iCVD)	  of	  Poly(alkyl	  acrylates): 	  A	  
Kinetic	  Model.	  Macromolecules	  2006,	  39,	  3695-­‐3703.	  
17.	   Tao,	  R.;	  Anthamatten,	  M.	  Condensation	  and	  Polymerization	  of	  Supersaturated	  Monomer	  Vapor.	  
Langmuir	  2012,	  28,	  16580-­‐16587.	  
18.	   Janakiraman,	   S.	   Initiated	   Chemical	   Vapor	   Deposition	   of	   Poly(vinylpyrrolidone)	   Thin	   Films:	  
Synthesis,	  Characterization,	  and	  Applications.	  Drexel	  University,	  2015.	  
19.	   Tyson,	  W.	  R.;	  Miller,	  W.	  A.	  Surface	  free	  energies	  of	  solid	  metals:	  Estimation	  from	  liquid	  surface	  
tension	  measurements.	  Surface	  Science	  1977,	  62,	  267-­‐276.	  
20.	   Vitos,	  L.;	  Ruban,	  A.	  V.;	  Skriver,	  H.	  L.;	  Kollár,	  J.	  The	  surface	  energy	  of	  metals.	  Surface	  Science	  1998,	  
411,	  186-­‐202.	  
21.	   Jaccodine,	  R.	   J.	  Surface	  Energy	  of	  Germanium	  and	  Silicon.	  JOURNAL	  OF	  THE	  ELECTROCHEMICAL	  
SOCIETY	  1963,	  110,	  524-­‐527.	  
22.	   Gleason,	   K.	   C.	   a.	   K.	   K.	   Initiated	   Chemical	   Vapor	   Deposition	   of	   Linear	   and	   Cross-­‐linked	   Poly(2-­‐
hydroxyethyl	  methacrylate)	  for	  Use	  as	  Thin-­‐Film	  Hydrogels.	  Langmuir	  2005,	  21,	  8930-­‐8939.	  
 99 
23.	   Janakiraman,	  S.;	  Farrell,	  S.	  L.;	  Hsieh,	  C.-­‐Y.;	  Smolin,	  Y.	  Y.;	  Soroush,	  M.;	  Lau,	  K.	  K.	  S.	  Kinetic	  analysis	  
of	   the	   initiated	   chemical	   vapor	  deposition	  of	  poly(vinylpyrrolidone)	   and	  poly(4-­‐vinylpyridine).	  Thin	   Solid	  
Films	  2015,	  595,	  Part	  B,	  244-­‐250.	  
	  
 
 100 
CHAPTER 7: CONCLUSIONS AND FUTURE WORK 
The iCVD polymerization and thin film formation process has been comprehensively 
studied under different operating modes: surface-driven, gas-driven, and supersaturation modes. 
Specifically, for surface-driven and gas-driven iCVD, a variety of porous substrates of different 
length scales have been investigated to understand the sensitivity and controlling factors of the 
iCVD process in achieving uniform and conformal thin films. Under a surface-driven mode, 
iCVD is controlled primarily by Pm/Psat, and carefully optimized Pm/Psat leads to conformal and 
uniform coating in 3D geometries with very large Kn. At much lower Kn, a much larger operation 
window allows conformal coating on porous substrates at larger than the microscale. In contrast, 
under a gas-driven mode, although conformal coatings can be achieved relatively easily on micro- 
and nano-scale features at fairly low Kn, conformal coatings are extremely difficult to form in 
porous features at high Kn. Significant pore collisions severely limit sufficient chain growth 
reactions in the gas phase to achieve uniform polymer growth in nanopores. Figure 7.1 illustrates 
qualitatively the decreasing window in achieving conformal coating as Kn increases. Unlike the 
surface-driven case, in which there is an additional surface diffusion contribution that can 
enhance mass transport within the nanopores, the gas-driven case is not influenced by surface 
dynamics. Further, at high Kn, pore collisions significantly limit gas phase polymerization and 
reduce the chances of achieving uniform polymer growth in nanoscale pores. With the 
supersaturation mode, wetting behavior influences deposition and can be taken advantage of in 
directing the monomer to spatially more wettable regions that enable directed polymer growth 
and surface polymer patterns. This is a new discovery in the development of iCVD that has led to 
the filing of a patent application.1 It is clear that a strong fundamental understanding of the 
dynamics of mass transport and reaction at different substrate length scales and pore sizes is 
critical for ensuring quality thin film formation on structurally complex substrates. With this 
thesis, iCVD has been demonstrated as a viable technique for uniform polymer growth and 
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conformal thin film coating on complex 3D substrates of widely different length scales and at 
significantly different Kn regimes. A fundamental understanding of molecular phenomena and 
dynamics is important in enabling the needed growth environment that leads to conformal 
deposition. 
 
 
 
 
Figure 7.1 Relationship of polymer growth, growth kinetics, and Kn under gas-driven iCVD. 
Color shading only serves as a qualitative guide to show the increasingly narrow window for 
achieving uniform, conformal growth at high Kn that severely limits gas phase polymerization. 
“ + “ represents conformal deposition and “ − “ stands for uneven deposition. 
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7.1 Specific Aim 1 
 Under surface-driven iCVD, polymer growth has been studied at two different length 
scale substrates and over a wide range of Kn. Pm/Psat is found to be the key parameter that 
influences surface diffusion and surface kinetics. At low Kn, conformal coating can be achieved 
easily as demonstrated by the PHEMA coating on the microcatheters even under relatively rapid 
reaction conditions. Stoichiometric iCVD PHEMA is coated on commercially available 
ventricular catheters under rapid polymer growth kinetics resulting low solubility hydrogel 
without any crosslinker.  The PHEMA coating morphology is found to be more undulating on 
interior walls corresponding to the amount of activated initiator that enters the intake holes. This 
difference of thickness and morphology between exterior and interior wall surfaces is related to 
the gas phase collisions that dominate at low Kn number that could limit the number of activated 
initiator species that survive during gas transport into the interior of the catheter, thereby limiting 
nucleation rate. In terms of morphology variation with different positions along the catheter, there 
do not appear to be any significant changes. Testing PHEMA-coated catheters against uncoated 
control catheters in an in vitro hydrocephalus catheter bioreactor containing co-cultured 
astrocytes and microglia reveals significant reduction in cell attachment to PHEMA-coated 
catheters at both the 17-day and 6-week time points. This highlights the potential value of 
utilizing iCVD technology to enable biomedical device technologies. 
 At much higher Kn, conformal coating is sensitive to surface controlling parameters, 
specifically Pm/Psat as demonstrated by the growth of polyglycidol (PGL) within mesoporous 
layers of TiO2 nanoparticle networks. Only at some optimal range of low Pm/Psat values, reaction-
limited conditions can be achieved in which Knudsen and surface diffusion occur faster than 
surface polymerization. As a result, through the cationic ring opening polymerization of glycidol, 
conformal deposition of PGL enables up to 91% of the available pore space being filled. This 
yields polymer nanocomposites with high nanoparticle loading of 82 wt% and 54 vol%, and the 
glass transition of the PGL nanocomposite is found to increase significantly by 50–60 °C 
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compared to the bulk PGL polymer. This marked temperature rise has been attributed to 
significant hydrogen bonding interaction of the oxygen and hydroxyl groups in the polymer with 
the hydroxyl groups on the surface of the TiO2 nanoparticles. Such interactions under polymer 
confinement are only possible as a result of the tight integration of the polymer and inorganic 
materials afforded by the iCVD approach. This opens up a new path for making ultrahigh loading 
polymer nanocomposites and provides a new platform for studying these materials and the unique 
properties that can arise due to strong interfactial interactions.  
 As a potential future work, further ultrahigh loading polymer nanocomposites can be 
explored to investigate, for example, changes in crystallinity that might occur with confinement 
within nanoporous domains. For example, semicrystalline poly(1H,1H,2H,2H-perfluorodecyl 
acrylate) (PPFDA) and poly(ethylene oxide) can be probed within mesoporous TiO2 under high 
Kn. The differences in surface energy of PPFDA and PEO can also be compared with their 
interactions with the high surface area TiO2. Thermal, rheological, and crystallization behavior 
can be studied and compared with their respective bulk polymers. iCVD has already shown to be 
suitable in synthesizing PPFDA2 and PEO.3 It is anticipated that surface controlling parameters 
like Pm/Psat would be critical in achieving uniform growth inside the pores. 
 
7.2 Specific Aim 2 
 Under gas-driven iCVD, as demonstrated with PTFE growth in various geometries at 
widely different Kn. Gas controlling parameters like pressure and filament temperature are 
critical for influencing polymerization kinetics and gas diffusion. Conformal polymer growth is 
achieved fairly easily at relatively low Kn, for the case of micropillars and nanorods. In contrast, 
at high Kn, it is much more difficult to achieve uniform growth in nanopores at most iCVD 
conditions explored. The relatively low frequency of gas phase collisions inside the pores limit 
the gas phase polymerization reactions that produce the precursors for polymer growth. As a 
result, growth of PTFE has proven to be quite challenging. Unlike the surface-driven case, where 
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surface diffusion can further enhance mass transport within the pores, here surface diffusion does 
not factor into the competition between transport and kinetics since dynamics are predominantly 
gas phase driven. 
 For future work, more extreme iCVD conditions can be studied to elucidate more clearly 
the gas-driven PTFE deposition behavior at high Kn. For example, ultralow pressures can be 
applied to further reduce reaction kinetics. Likewise, lower filament temperature can also be 
investigated. As another potential study, different concentrations of the reactant precursor at the 
same pressure, by utilizing a diluent inert gas, can be used to decouple concentration effects from 
mean free path effects in influencing diffusion and kinetics. In addition, tortuosity can also be 
looked into by comparing straight nanopores, such as in anodized aluminum oxide (AAO) 
membranes, with highly tortuous pores in sintered TiO2 nanoparticle networks. 
 
7.3 Specific Aim 3 
 Operating iCVD under supersaturation mode represents a relatively new development in 
iCVD as there are only a few reports in this area to date.4,5 Under supersaturation, the wettability 
of the monomer on different substrate materials has been shown to have an impact on deposition 
behavior, as shown by the iCVD of PVP on patterned surfaces of dissimilar metals and 
semimetals. Detailed supersaturated iCVD studies on Ag/Si leads to selective deposition of PVP 
on Si and not Ag, leading to directed growth and polymer patterning. This novel approach for 
polymer patterning has been submitted as a patent application.1 The selective growth has been 
attributed to the difference in surface energy of Ag and Si, with the lower surface energy of Ag 
directing the monomer liquid nucleation and wetting to the higher surface energy Si instead. To 
support this hypothesis, further demonstrations of patterned growth has been successful with 
Ag/Ti, Ag/Ni, and Ag/Cr surfaces, where in each case there is an appreciable difference in 
surface energy between the two metals. There is also a need to delicately balance the rate of 
liquid nucleation and growth with the rate of polymerization at the surface by controlling Pm/Psat. 
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When reaction kinetics is too fast, the transport of monomer is too slow and therefore growth 
selectivity for the higher surface energy material is lower i.e., as soon as the monomer hits the 
surface, reaction takes place. Likewise, when liquid nucleation rate is too fast, the surface is being 
flooded with too much monomer that differential wetting becomes difficult and again lower 
growth selectivity results.   
 Further study in the supersaturation mode to induce polymer patterning can focus on 
more quantitative analysis to provide support on the differential wetting hypothesis. Contact 
angle measurements of the monomer liquid on the various metal surfaces can be obtained and 
surface energies can be derived to determine the correlation between surface energy differences 
and patterning fidelity. The study can also expand to investigate other iCVD polymer systems 
with slow enough kinetics, such as poly(dimethylaminomethyl styrene)  (PDMAMS),6 
poly(cyclohexyl methacrylate) (PCHMA),7 and poly(1-vinylimidazole) (PVIZ)8, to demonstrate 
the broader applicability of this polymer patterning approach.   
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Abstract 
Hydrocephalus is defined by the abnormal accumulation of cerebrospinal fluid (CSF) 
within the cerebral ventricles, and the majority of patients with this lifelong condition depend on 
ventriculoperitoneal (VP) shunts for management of intracranial pressure/symptoms.  
Unfortunately, VP shunts are highly failure-prone; and, in the pediatric population, over half of 
these life-threatening failures are caused by obstruction of the ventricular (brain) catheter with 
cells/tissue.  Poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogels remain widely used for 
biomedical implants, given their proven biocompatibility and their resistance to protein fouling 
secondary to extreme hydrophilicity, making it a strong candidate coating for ventricular 
catheters with an eye towards reducing cell attachment.  With the advent of initiated chemical 
vapor deposition (iCVD), a solvent-free coating technology that directly creates a polymer in thin 
film form on a substrate surface by introducing gaseous reactant species into a vacuum reactor, it 
is now possible to create highly uniform polymer coatings that conform to the topology of 
complex three-dimensional substrate surfaces. iCVD was utilized to coat commercially available 
ventricular catheters with PHEMA.  The chemical structure of PHEMA on the catheter surfaces 
was confirmed by FTIR and XPS; additionally, the PHEMA coating morphology was 
characterized by SEM.  Testing PHEMA-coated catheters against uncoated control catheters in an 
in vitro hydrocephalus catheter bioreactor containing co-cultured astrocytes and microglia 
revealed significant reductions in cell attachment to PHEMA-coated catheters at both the 17-day 
and 6-week time points.  This highlights the potential value of utilizing iCVD technology to coat 
ventricular catheters and other failure-prone intracranial implants. 
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Introduction 
Hydrocephalus is a medical condition defined by the abnormal primary accumulation of 
cerebrospinal fluid (CSF) within the cerebral ventricles, which if untreated, produces increased 
intracranial pressures resulting in neurologic damage and even death.1  For most patients with 
hydrocephalus the only way to manage their, generally lifelong, condition is to undergo surgical 
implantation of a CSF shunt, which diverts excess CSF from the cerebral ventricles to another 
body cavity.  While CSF shunts have saved many lives since their advent in the 1950’s,2 modern 
shunt failure rates remain high, particularly in the pediatric patient population, with more than 
40% of devices failing within 2 years of implantation.3-7  Over half of these failures are caused by 
obstruction of the ventricular catheter (portion going into the brain/cerebral ventricles) with 
cells/tissue.7,8  
Most modern, commercially available, ventricular catheters are poly(dimethyl)siloxane 
(PDMS)-based blind-end tubes with CSF intake holes (approximately 500-µm diameter) with 
little science behind their design.3,9  Methods to improve shunt function have included both 
mechanical 10 and chemical modification approaches9 yet none have succeeded in reducing 
occlusion rates in clinical practice. The BioGlide® (Medtronic) ventricular catheter, which has a 
polyvinylpyrrolidone (PVP) hydrogel coating that is designed to increase lubricity at time of 
surgical insertion, is the only surface-modified catheter that has been commercialized. While the 
BioGlide® catheter was not specifically marketed to inhibit cell attachment or subsequent 
obstruction, early in vitro studies of the PVP hydrogel coated catheters demonstrated reduced 
bacterial attachment.11 Unfortunately, clinical studies in human patients have failed to 
demonstrate reduced infection rates with the use of BioGlide® catheters,12 and one large study 
even found statistically significant increases in infection rates.13  Scanning electron microscopy 
(SEM) imaging of BioGlide® catheters reveals dewetting-related defects in the PVP hydrogel 
surface, which is applied using traditional liquid phase synthesis techniques.14  Conceivably, the 
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microscopic fissures in the PVP hydrogel surface serve as a safe-haven for bacterial 
contamination to flourish and evade immune responses. 
Over a half-century since they were first described by Wichterle and Lim,15 poly(2-
hydroxyethyl methacrylate) (PHEMA) hydrogels remain widely used for biomedical implants and 
continue to serve as the basis for many modern contact lenses, given their proven 
biocompatibility and their resistance to protein fouling secondary to extreme hydrophilicity.16-18  
Only one previous publication has investigated the use of PHEMA in the context of CSF 
shunting, and this was a clinical study of eight pediatric hydrocephalus patients implanted with a 
novel ventriculo-subdural shunt made completely from PHEMA.19  Unfortunately, given this 
study’s focus on a rarely employed surgical technique, limited discussion of PHEMA shunt 
prototype fabrication methods, small sample size, and lack of a control group, it does not provide 
insight into whether PHEMA hydrogel coatings have the potential to reduce rates of shunt failure 
from cellular obstruction.  While PHEMA’s hydrophilic nature makes it a strong candidate 
coating for ventricular catheters,20,21 the lack of prior attempts to fabricate PHEMA-coated 
ventricular catheters may simply reflect the historical challenge of applying a conformal 
polymeric coating to a complex three-dimensional structure like a shunt catheter. With the advent 
of the initiated chemical vapor deposition (iCVD) techniques in the early 2000’s, it is now 
possible to create highly uniform polymer coatings that conform to the topology of any substrate 
surface.22   
Unique to iCVD is a solvent-free coating technology that directly creates a polymer in 
thin film form on a substrate surface by introducing gaseous reactant species into a vacuum 
reactor. Unlike conventional liquid-phase coating methods, the low-pressure iCVD environment 
and the lack of liquid surface tension or wettability effects enable highly conformal deposition on 
complex three-dimensional substrates at the micro- and nanoscale. A thorough discussion of the 
iCVD methodology has been detailed elsewhere.23 Given the versatility in enabling organic 
synthesis and conformal coating, iCVD and iCVD polymers have been applied in a diverse range 
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of applications, including photovoltaics,24-26 superhydrophobicity,27-29 icephobicity,30 
composites,31 desalination,32 and microfluidics.33,34 Among bio-related applications, the iCVD 
approach has been applied to biosensors35,36 and controlled drug release,37,38 and as 
biopassivation39-41 and antimicrobial coatings.42 In this work, we report the method for applying 
PHEMA to commercially available PDMS ventricular catheters using iCVD as well as 
preliminary evidence of reduced astrocyte/microglial attachment to PHEMA-coated catheters as 
compared to uncoated control catheters in an in vitro hydrocephalus catheter bioreactor. 
 
Results and discussion 
 In order to apply a conformal PHEMA coating to clinically used PDMS ventricular 
catheters, the iCVD protocol, in brief, involves the delivery of monomer and initiator vapor flows 
into the iCVD chamber that is operated under a mild vacuum (~0.1−10 torr); the initiator is 
thermally activated selectively by an array of resistively heated filaments (~300−400 °C); the 
monomer and activated initiator diffuse to the surface of the sample sitting on a cooled stage (~25 
°C); subsequent monomer adsorption leads to surface polymerization at the activated initiator 
sites, resulting in the growth of a polymer film that conforms to the topology of the substrate 
surface (Figure 1(a)). The reaction mechanism for the iCVD polymerization of HEMA43 follows 
conventional free radical polymerization,44 which, as shown in Figure 1(b) involves the thermal 
decomposition of a free radical initiator (e.g. peroxide) and the chain linkage of monomer units 
through opening of the vinyl bonds. 
 Following iCVD coating of ventricular catheters, the chemical structure of PHEMA was 
confirmed by FTIR and XPS spectroscopy. Figure 2 shows the ATR-FTIR spectra of the PDMS 
catheters before and after PHEMA coating. From the spectrum of pristine (uncoated) PDMS, two 
major peaks appearing at 1007 and 786 cm-1 are attributed to Si−O−Si and Si−(CH3)2 stretching 
on the PDMS structure, respectively. Smaller peaks located at 1258 cm-1 and 2963 cm-1 
corresponding to the deformation and stretching of CH3, respectively. After iCVD coating, the 
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spectrum (with the PDMS background removed) shows a peak centered around 3434 cm-1 
corresponding to the broad absorption band of OH and a peak at 1726 cm-1 associated with C=O. 
These chemical groups are only found on PHMEA (see Figure 1) and suggest that iCVD 
PHEMA film was deposited on the PDMS catheters. These peaks along with other PHEMA 
characteristic peaks, including CO stretching (1300−1200 cm-1), CH bending (1500−1350 cm-1) 
and CH stretching (3050−2800 cm-1), were similar to iCVD PHEMA FTIR spectra published 
previously.45 The region below 1100 cm-1 shows residual and negative absorptions related to 
artifacts from subtraction of the PDMS background.  
To more quantitatively define the chemical structure of iCVD PHEMA coated on the 
catheters, high resolution XPS spectra were acquired as shown in Figure 3. From Figures 3(a)-
(c), the C1s, O1s and Si2p3/2 peaks of PDMS located at 284.7, 532.0 and 101.6 eV, respectively, 
correspond to peaks of the PDMS polymer.46 For Si2p, there is an additional Si2p1/2 peak located 
at 102.3 eV, which is due to spin orbit splitting that has the expected binding energy split and 1:2 
intensity ratio relative to the Si2p3/2 peak. For C1s and O1s, there are peaks located at 284.2 and 
531.6 eV, respectively, which can be attributed to adventitious adsorbed impurities from exposure 
to the atmosphere that were present on the catheter surfaces since no sample cleaning or 
pretreatment was carried out. From the fitted high resolution spectra, after accounting for 
elemental sensitivity factors, the estimated atomic ratio between carbon, oxygen and silicon of 
uncoated PDMS is 2.1:1.0:1.0, which is close to the theoretical ratio of 2:1:1 for stoichiometric 
PDMS. The XPS peaks and their assignments are summarized in Table 1. After depositing iCVD 
PHEMA on the PDMS catheters, as shown in Figures 3(d)-(f), only peaks associated with the 
PHEMA are visible. Given that XPS is a surface-sensitive technique, probing only about 10 nm 
of the top surface, the much thicker PHEMA coating essentially blocks the underlying PDMS 
from being probed, and so the Si2p peak from the PDMS has disappeared completely. The C1s 
and O1s peaks correspond to that of PHEMA only, as seen by the fitted peaks and their 
corresponding assignments that are also provided in Table 1. The estimated carbon to oxygen 
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ratio of iCVD PHEMA is 2.5:1.0, which is close to the theoretical ratio for stoichiometric 
PHEMA.46 The quantitative XPS data coupled with the qualitative FTIR results demonstrate that 
iCVD PHEMA with the expected PHEMA chemistry has been formed. The much lower amount 
of carbon (and no oxygen) impurities observed on the PHEMA surface compared to the uncoated 
PDMS surface is due to the clean iCVD environment during PHEMA synthesis as well as to 
careful post-iCVD storage of samples in vacuum-sealed containers prior to XPS analysis. 
The morphology of uncoated and iCVD PHEMA-coated PDMS catheters as revealed by 
SEM are shown in Figure 4. The pristine PDMS catheter surface is smooth and void of any large 
surface features based on the top and side views as shown in Figures 4(a,b). After iCVD 
PHEMA deposition, the surface morphology became rougher as seen in the top views in Figures 
4(c,e) and there is a clear demarcation of the PHEMA coating from the underlying PDMS 
substrate in the side views in Figures 4(d,f). The PHEMA coating appears to fully cover the 
catheter surface with no noticeable defects such as pinholes or cracks. But visually there are 
differences in the PHEMA coating on the exterior catheter wall in Figures 4(c,d) compared to 
that on the interior wall in Figures 4(e,f). Clearly, the PHEMA coating is much thicker on the 
exterior wall (>3 µm) compared to that on the interior wall (1−2 µm) when the coating side views 
on the exterior and interior walls are compared. This is understandable given there is greater and 
more facile access to reactants on the exposed surface during the iCVD process. From the top 
views, it appears that there are greater surface undulations of the PHEMA coating on the interior 
wall. Typically, larger and rougher surfaces features are associated with a nucleation-limited 
process in chemical vapor deposition.47,48 In iCVD, the delivery of activated initiator species to 
the interior surface could be hindered as these species need to travel through the CSF-intake holes 
(diameter: ~500-µm) to get there. Since the activated initiator species serve as the nucleation 
agents for polymer growth, their lower concentration in the catheter interior could give rise to 
fewer nucleation events and result in larger, rougher polymer structures. The lower nucleation 
density also supports the slower polymerization kinetics that yielded the thinner polymer coatings. 
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In contrast, the diffusion of activated initiator to the exposed exterior surface is practically 
unhindered and nucleation density could be much higher, leading to the smaller surface 
undulations and thicker coatings observed. 
To further investigate the PHEMA coating morphology along the catheter, several points 
in the vicinity of the intake holes and closed end have been analyzed by SEM as shown in Figure 
5. SEM images were taken of the exterior and interior catheter walls at various locations as well 
as of the intake hole sidewall for the 8 holes in a given row. Consistent with observations in 
Figure 4, for all locations probed, the PHEMA has a rougher surface texture with larger surface 
features on the interior wall compared to the exterior wall that is attributed to the higher 
nucleation density. In further support of this claim, the surface roughness and feature sizes of 
PHEMA on the intake hole sidewalls fall some where between that of the smoother exterior wall 
coating and the rougher interior wall coating. Since the activated initiator has to pass through the 
intake holes to reach the inside of the catheter tube, the concentration of these species at the 
intake hole sidewall will most likely be at an intermediate level between the more accessible 
exterior and less accessible interior. In terms of morphological variations with different positions 
along the catheter, there does not appear to be any significant change except perhaps near the 
blind end where the accumulation of activated initiator species around the interior wall might see 
an increased nucleation density and correspondingly a surface that is not as rough. The largely 
uniform coating morphology at different locations indicates the conformal nature and spatially 
well-distributed reaction medium of the iCVD process.  
 PHEMA-coated and uncoated control catheters were tested in an in vitro hydrocephalus 
catheter bioreactor containing co-cultured astrocytes and microglia within an alginate hydrogel 
scaffold simulating brain parenchyma in order to determine if the PEMA coating conferred a 
resistance to in cellular attachment.49  Cellular attachment was measured through analysis of 
integrated florescence intensity values obtained from three-dimensional confocal microscopy 
imaging of rhodamine-phalloidin (F-actin probe conjugated to the red-orange fluorescent dye, 
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tetramethylrhodamine) stained cells attached at the surfaces of catheter CSF intake holes.  CSF 
intake holes were the focus of this analysis given prior study of obstructed ventricular catheters 
operatively removed from children in shunt failure, which demonstrated that CSF intake holes 
serve as niduses for astrocyte and microglia attachment.8 
 We found significant reductions in cell attachment to PHEMA-coated catheters at both 
17-day and 6-week cell culture time points.  At the 17-day time point, the control and PHEMA-
coated catheter CSF intake holes had mean integrated florescence intensity values of 8.88 ± 1.97 
(n = 16) and 1.98 ± 0.46 (n = 16), respectively, thus demonstrating highly significant reduction of 
cell attachment with the PHEMA coating (p = 0.0027).  At the 6-week time point, the control and 
PHEMA-coated catheter CSF intake holes had mean integrated florescence intensity values of 
3.88 ± 0.49 (n = 32) and 1.51 ± 0.22 (n = 32), respectively, thus demonstrating highly significant 
reduction of cell attachment with the PHEMA coating (p = 0.00038). Figure 6 demonstrates 
representative images of the actin stain for half of the control and PHEMA-coated catheter holes 
imaged at the 17-day time point alongside the calculated integrated florescence intensity values 
for those same holes.  In addition to quantitative differences in integrated florescence intensity 
values, the nature of cell attachment to the control versus PHEMA-coated catheters appears 
qualitatively distinct.  In particular, while cells form clusters that extend beyond the PDMS 
surface of the control catheter CSF intake holes, such clustering is essentially absent on PHEMA-
coated catheters.  Instead, cells bound to the CSF intake hole surfaces of the PHEMA-coated 
catheters form a, generally sparse, monolayer.  
  
Experimental 
Fabrication of PHEMA-Modified PDMS Ventricular Catheters 
 The catheters used in this study were standard, 32-hole (4 rows of 8 holes), PDMS 
ventricular catheters that are used clinically (Medtronic, Dublin, Ireland).  The catheters were not 
impregnated with barium or antibiotics. The catheters were affixed to the cooled stage of the 
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iCVD reactor without any pretreatment. For iCVD, 2-hydroxyethyl methacrylate monomer, 
(HEMA, Aldrich 97%) and di-tert-butyl peroxide initiator, (TBPO, Acros Organics 99%) were 
used as received. Chromaloy (Goodfellow, 0.5 mm diameter) was employed as the heated 
filament material. For PHEMA synthesis, the iCVD conditions were 0.6, 0.18, and 0.2 sccm 
(standard cubic cm per min) flows of HEMA, TBPO, and nitrogen (inert carrier gas), 
respectively, under a constant reaction pressure of 0.1 torr. The filament temperature was 
maintained at 300 °C by resistive heating use a DC power supply (DLM 60-10, Sorensen) set at 
1.4 A and 23.0 V. Through contact with an aluminum stage that is cooled to 25 °C with a 50:50 
vol% water-ethylene glycol mixture in a recirculating chiller (RTE7, Thermo Scientific), the 
catheter surface temperature was around 50 °C as measured by direct contact using a K-type 
thermocouple (Omega Engineering). To ensure more uniform coating around the samples and to 
minimize preferential coating on the top side of the catheters facing the filament array vs. the 
bottom side that is in contact with the stage, iCVD was repeated under the same conditions after 
the samples were flipped over so the down-side was up. Further details of the iCVD reactor 
system setup has been described elsewhere.31 
  
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were taken 
on a Thermo-Nicollet 6700 FTIR spectrometer using a zinc selenide crystal in the range of 
500−4000 cm-1 at 4 cm-1 resolution and averaged over 32 scans. Air was used as the background 
for the pristine, uncoated PDMS catheter samples while a pristine PDMS catheter was used as the 
background for PHEMA-coated samples in order to isolate the characteristic peaks of PHEMA. 
 
X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) was performed on a Physical Electronics PHI 
5000 VersaProbe with a monochromatic Al-Kα excitation source (1486 eV) and charge 
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compensation for the insulating samples. The X-ray beam diameter was 100 µm. High-resolution 
XPS spectra of C1s, O1s and Si2p core electrons were acquired using a 25 W beam of 100 µm 
diameter with 23.5 eV pass energy, 0.05 eV step size, 100 ms dwell time and averaged over 4 
scans. The catheter samples were cut midway along their axial direction to enable analysis of both 
interior and exterior walls. 
 
Scanning Electron Microscopy 
Scanning electron microscopy (SEM) was conducted on a Zeiss Supra 50VP to elucidate 
surface morphology. Samples were cut parallel to each catheter’s axial direction to enable 
inspection of both interior and exterior surfaces. All SEM samples were sputtered with ~10 nm 
Pt/Pd as a conductive layer to minimize charging during imaging. All images were taken at 2kV 
to avoid damage to the polymer matrix. The magnification was set either at 5 10 or 30kx with a 
working distance of 2−3 mm. 
 
Astrocyte Cell Culture 
Procedures were approved by the Institutional Animal Care and Use Committee of 
Seattle Children’s Research Institute in accordance with the National Institutes of Health Guide 
for Care and Use of Laboratory Animals. Primary astrocytes were collected from three-day old 
rat pups. Cortical hemispheres were removed and minced into 1-mm3 pieces and suspended in 
calcium-free Hanks Balanced Salt Solution (Ca2+-free HBSS; Invitrogen, Carlsbad, CA). 
Following dissection and mincing, the Ca2+-free HBSS was removed and replaced by 
dissociation medium containing 0.25% trypsin-1X EDTA (Invitrogen) and incubated for 45 min 
at 37 °C with 5% CO2 in a 50-mL centrifuge tube. Fresh culture media was then added to quench 
the trypsin activity and the tube was centrifuged for 3 min at 1300 rpm to collect cells and tissue 
fragments (primary pellet).  The resulting supernatant was collected, transferred into a new 
centrifuge tube, and centrifuged again to recover any cells that were not collected in the primary 
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pellet. The primary pellet was cycled through a second dissociation and collection process to 
maximize cell recovery. The primary pellet and the supernatant pellets were then combined, 
resuspended, counted with a phase hemacytometer (Hausser Scientific, Horsham, PA), and plated 
on T-175 flasks (Invitrogen) at a density of 100,000 cells/mL, or approximately 1,000,000 
cells/flask. Cultures were incubated at 37 °C with 5% CO2. Complete culture medium consisted 
of Dulbecco’s Modified Eagle Medium supplemented with 4.5 g/L D-glucose, 584 mg/L L-
glutamine, and 110 mg/L sodium pyruvate (Invitrogen), 5% fetal bovine serum (Invitrogen), 2% 
penicillin-streptomycin (Invitrogen), and 0.001% gentamicin (Sigma-Aldrich, St. Louis, MO). 
When cells in primary cultures reached 80% confluence, cells not adherent to the culture flask 
were removed and the adherent astrocytes were dissociated from the flask surface using 0.25% 
trypsin-1X EDTA. After collecting the cells by centrifugation and resuspension in complete 
medium, cells were added to alginate scaffolds (see below) or were frozen using Fisher’s 
CryoMed Controlled-Rate Freezer (Thermo Fisher Scientific, Waltham, MA) and stored in liquid 
N2 for future use. All cells used in these studies were passaged no more than three times. 
Astrocyte cultures were fed 3 times/week. 
 
Microglial Cell Culture 
A murine microglia cell line, “BV2,” immortalized via the transfection of v-raf and v-
myc oncogenes using a J2 retrovirus, was obtained directly from the Italian research group that 
created the cell line.50  BV2 are widely used by researchers studying microglial function and, 
although BV2 cells may be more proliferative than primary microglia given the presence of 
oncogenes, they retain a very similar profile of gene expression when activated by exposure to 
lipopolysaccharide.51  The BV2 microglial cell line was stored in liquid N2 and maintained in 
culture using the same methods described above for maintaining the primary astrocyte culture 
(same DMEM supplemented media, thrice weekly feeding, and 0.25% trypsin-1X EDTA 
dissociation methods). 
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In Vitro Cell Attachment Assay 
 Peptide-modified alginate was used to construct a 3D scaffold around shunt ventricular 
catheters.  These scaffolds can support cell attachment and growth.52-55 Alginate is a natural 
polysaccharide cross-linked in the presence of Ca2+ without the addition of cytotoxic agents 54,55.  
Gel construction followed previously described methods.53,55,56  A 1% (w/v) sodium alginate 
(Sigma-Aldrich) solution in 0.3 M NaCl and 0.1 M 2-(N-Morpholino)ethanesulfonic acid hydrate 
(MES buffer) was initially functionalized with an RGD peptide (GGGGRGDY; United 
Biosystems, Herndon, VA) to improve cell attachment and viability 54,55,57. For standard 
carbodiimide crosslinking chemistry, the following reagents were added (in order) and incubated 
for 20 h at room temperature (RT): 8.22 g/L sulfo-N-hydroxysulfosuccinimide (Sigma-Aldrich), 
16.44 g/L 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (Sigma-Aldrich), 0.3 
g/L RGD peptide, and 10 g/L sodium alginate.  The reaction was quenched by the addition of 13 
g/L hydroxyl amine (Sigma-Aldrich). The functionalized alginate was then dialyzed using a 3500 
molecular weight cutoff snakeskin dialysis membrane (Sigma-Aldrich). The initial dialysis 
solution contained 7.5 g NaCl/L Milli-Q deionized water (dIH2O). Every 8 h the NaCl 
concentration was reduced by 1.25 g/L, with NaCl-free dIH2O serving as the final solution.  After 
dialysis, a 30-min charcoal filtration treatment was performed. The sample was then lyophilized 
at 2000 x 10-3 mbar at -50 °C for 5 days. Prior to scaffold formation, a 5% stock of functionalized 
alginate was prepared using Ca2+-free HBSS.   
Ventricular catheter testing chambers were assembled using an open polycarbonate base 
with an inlet and outlet ports, a glass coverslip bottom secured with silicone glue, and a loosely 
fitted polycarbonate top.  The PHEMA-coated and uncoated control catheters were mounted 
within the test chambers and the catheter tips were secured to the glass coverslip bottom with a 
small dab of silicone glue.  The chambers containing the catheters to be tested were then 
sterilized by means of super critical CO2 sterilization (Nova2200, NovaSterilis, Lansing, NY). 
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Following sterilization, the in vitro ventricular catheter test chambers were fitted with 
sterile polycarbonate “dams” which served as a mold for subsequent alginate polymerization 
around the catheter.  In order to seal the spaces between the dam, catheter, and chamber floor, 4% 
(w/v) low-melt agarose solution (Sigma-Aldrich) in sterile Milli-Q dIH2O was added to the 
chamber on either side of the dam.  Next, to promote alginate attachment to the chamber surfaces, 
0.01% poly-L-lysine (PLL; Sigma-Aldrich) was added to the portion of the chamber contained by 
the dam for 2 h at 37 °C and then washed in a bath of Milli-Q dIH2O for 5 min. 
In preparation for alginate hydrogel/scaffold construction, cultured primary astrocytes 
and BV2 microglia were dissociated with 0.25% trypsin-1X EDTA, counted using a phase 
hemacytometer, and resuspended in Ca2+-free HBSS at a concentration of 6,000,000 astrocytes 
and 1,500,000 microglia per 477 µL.  Alginate hydrogels/scaffolds were then constructed by 
mixing a sterile stock solution of 6% (w/v) calcium carbonate (Sigma-Aldrich), Ca2+-free HBSS 
containing astrocytes and microglia, D-(+)-gluconic acid delta-lactone (GDL; Sigma-Aldrich), 
and the functionalized, dialyzed, and lyophilized alginate prepared as a 5% (w/v) stock (see 
above). The final alginate concentration was 1.5% (w/v) using a 0.54 Ca:COOH molar ratio 
following previously published methods.53 To make the scaffold, the 6% CaCO3 solution was 
vortexed to evenly distribute the CaCO3 in the supersaturated solution.  57 µL of CaCO3 was 
pipetted into a 250 mg alginate aliquot and mixed, followed by the addition of 477 µL of Ca2+-
free HBSS containing astrocytes and microglia. Working quickly, 50 µL of 214 mg/mL GDL was 
added to the alginate/calcium/HBSS/astrocyte/microglia mixture and stirred. The total mixture 
was then pipetted into the potential space of the polycarbonate dam (within the ventricular 
catheter testing chamber) and incubated in a cell culture incubator (37°C and 5% CO2) for 90 min 
to enable crosslinking. Following this initial 90-min incubation period, the dam and surrounding 
agarose were carefully removed and the chamber was filled with supplemented DMEM cell 
culture media. 
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 Culture media was replaced 3 times weekly.  After 17 days or 6 weeks in culture, the 
catheters were fixed with 4% paraformaldehyde, applied at RT for 1 h.  Following fixation the 
catheters were washed with three rapid rises of HEPES-Buffered Hanks Solution (HBHS) 
containing sodium azide (90 mg/L; pH 7.4) and stored in buffer at 4°C until processed for 
imaging.58 
  
Immunohistochemistry 
 The ventricular catheters maintained in HBHS containing sodium azide were removed 
from storage at 4°C and incubated in 5 mg/mL of sodium borohydride in HBHS for 30 min at RT 
to reduce postfixation-crosslinking autofluorescence. Next, the catheters were incubated in 0.2% 
Triton-X-100 (Sigma-Aldrich) in HBHS for 30 min at RT for cell membrane permeation to 
permit antibody penetration to intracellular sites. Catheters were then incubated in Image-iT FX 
signal enhancer (Invitrogen) for 30 min at RT to prevent nonspecific labeling.  
 Catheters were labeled with 1:800 monoclonal rat anti-glial fibrillary acidic protein 
(GFAP), an astrocyte marker (Invitrogen) and 1:800 monoclonal rabbit anti-Ionized calcium-
binding adapter molecule 1, a microglia marker (Iba1, Wako Pure Chemical Industries, Osaka, 
Japan) for 24 h at RT. Subsequently, 1:200 goat anti-rat Alexa Fluor 488 (Invitrogen) and 1:200 
goat anti-rabbit Alexa Flour 647 (Invitrogen) conjugated secondary antibodies were applied for 
24 h at RT. Additionally, at the time of secondary antibody application catheters were stained 
with 1:1000 Hoescht (Sigma-Aldrich) for identification of cell nuclei and rhodamine phalloidin 
(1:150, Invitrogen) for visualization of cytoskeletal actin (cell morphology visualization). 
 After 24h in secondary antibodies and Hoescht, the catheters were washed 4 times over 
30 min with HBHS containing sodium azide and 0.5% TWEEN 20 (Sigma-Aldrich). Lastly, the 
ventricular catheters were mounted with Fluoromount-G (SouthernBiotech, Birmingham, AL) in 
custom polycarbonate imaging chambers, which allowed for the application of cover slips to both 
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sides of the chamber (for ease of imaging of CSF intake holes oriented on opposite sides of the 
catheter). 
 
Catheter Imaging 
Three-dimensional, multispectral spinning disk confocal microscopy was utilized to 
image ventricular catheters (IX81 Inverted Microscope, motorized X-Y-Z stage, broad-spectrum 
light source, charged-coupled camera; Olympus, Tokyo, Japan). 800 × 800 × 502-µm confocal 
images were acquired in and around catheter CSF intake holes (10× objective; 209 optical Z-
sections with a 2.4-µm step size). For each catheter analyzed, one half of the 32 CSF intake holes 
were systematically imaged (n = 16).  The exposure times and gain settings were kept constant on 
all images acquired. 
 
Quantification of Cell Attachment 
 Differences in cellular attachment to ventricular catheters were quantified using 
MetaMorph Microscopy Automation & Image Analysis Software (Molecular Devices, 
Sunnyvale, CA).  All images were processed in a standardized fashion. First, to reduce 
background autofluorescence and image noise, the images were processed with a median filter 
(nonlinear digital filtering technique; filter width: 2 pixels; filter height: 2 pixels; subsample ratio: 
1) followed by background subtraction technique (“flatten background”; object size: 25 pixels).  
Next, the Z-stack images (containing 209 optical sections) were collapsed into a single image 
using a maximum projection function.  The resulting single plane maximum projection image was 
then thresholded using an inclusive threshold state.  Since variability in background and noise 
were still present in some samples, thresholds were selected to produce a visually consistent 
background.  After obtaining an appropriate threshold, a circular region (standardized size for all 
samples) was loaded onto the maximum projection image so that the entire CSF intake hole was 
contained within the region.  Using the established threshold, integrated florescence intensity was 
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then calculated within the standardized circular region.  All integrated florescence intensity 
values are presented in millions. 
 
Statistics 
Integrated florescence intensity values are reported as the mean ± standard error of the 
mean and compared using a Mann-Whitney U test.  Statistical analysis was performed using the 
Statistical Package for the Social Sciences 20.0 (SPSS; Chicago, IL).  Statistical significance is 
defined as p < 0.05. 
 
Conclusions 
 This study demonstrates the feasibility of using iCVD to apply polymer coatings to CSF 
shunt ventricular catheters.  The decreased astrocyte/microglia cell attachment to PHEMA-coated 
catheters tested in an in vitro hydrocephalus catheter bioreactor suggests that this approach could 
prove valuable for producing more failure-resistant next generation ventricular catheters.  
 The qualitative difference in the nature of cell attachment to the CSF intake holes of 
control versus PHEMA-coated catheters – with cells clustering and extending off the CSF intake 
hole sidewalls in the control catheters versus forming a sparse monolayer along the hole sidewalls 
of the PHEMA-coated catheters – may prove clinically significant as cell clustering within the 
CSF intake holes is more likely to result in reductions of CSF flow and ultimately catheter 
obstruction.  It is possible that the rough surface texture of the PHEMA coating allowed for single 
cell attachment between the hydrogel gobbets.  If this is the case, the lack of cell clustering on the 
PHEMA catheters may be because the hydrogel gobbets between the attached cells prevented 
contact/interaction between neighboring cells.  It is also possible that the cells seen on the CSF 
intake hole sidewalls of the PHEMA-coated catheters were more weakly attached than their 
counterparts on the control catheter hole sidewalls and therefore could not support the attachment 
of additional cells not in direct contact with the catheter surface. 
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 While this preliminary study demonstrates feasibility of the general technique of iCVD 
coating of ventricular catheters, further work will certainly be needed in order to optimize the 
system for the targeted function. If we follow the hypothesis that a smoother surface is better at 
mitigating cell binding,59-61 and based on our discussion above on surface roughness and its 
relationship to nucleation density, one approach for obtaining smoother coatings would be to 
enhance nucleation density and availability of activated initiator species. This could be achieved 
by increasing the filament temperature, raising the vapor concentration of initiator flow, and/or 
reducing the substrate temperature. Another potential approach for obtaining smoother coatings 
would be to perform a post-deposition thermal anneal of the polymer coating near or above its 
glass transition (~75−90 °C) to induce some amount of polymer flow and redistribution. It is also 
possible that coating smoothness might also be improved if there is better adhesion and 
compatibility of the hydrophilic PHEMA polymer with the underlying hydrophobic PDMS 
substrate. By carrying out air or oxygen plasma surface pretreatment of the catheters prior to 
iCVD, the catheter surface might favor enhanced surface nucleation, polymer growth, and 
consequently better integration of the polymer with the substrate. Although PHEMA has been 
selected in this study, primarily due to its widespread adoption as a viable biomaterial, other 
polymer hydrogels like poly(ethylene oxide) (PEO) and poly(vinylpyrrolidone) (PVP), which 
have been successfully synthesized by iCVD,40,62 might also be good candidates to explore. 
 
Funding 
 The ventricular catheters used in this study were received through a research donation 
from Medtronic.  BWH received salary support through an NIH training grant (3R25NS079200; 
PI: Jeffrey Ojemann, MD). CYH and KKSL acknowledge support from NSF (Grant No. CBET-
0846245). 
 
 
 127 
Conflicts of Interest 
 Dr. Browd has ownership in Aqueduct Neurosciences Inc., Aqueduct Critical Care Inc., 
and Navisonics Inc. 
 
Acknowledgments 
 CYH and KKSL thank Chung-Hsuan (Benjiman) Huang at the Harvard Medical School-
Brigham and Women's Hospital for help with the preparation of Figure 1. 
 
References 
1. McAllister, J. P.; Williams, M. A.; Walker, M. L.; Kestle, J. R.; Relkin, N. R.; Anderson, 
A. M.; Gross, P. H.; Browd, S. R.; Panel, H. S. E. An update on research priorities in 
hydrocephalus: overview of the third National Institutes of Health-sponsored symposium 
"Opportunities for Hydrocephalus Research: Pathways to Better Outcomes". J Neurosurg 2015, 
1-12. 
2. Aschoff, A.; Kremer, P.; Hashemi, B.; Kunze, S. The scientific history of hydrocephalus 
and its treatment. Neurosurg Rev 1999, 22, 67-93; discussion 94-5. 
3. Lutz, B. R.; Venkataraman, P.; Browd, S. R. New and improved ways to treat 
hydrocephalus: Pursuit of a smart shunt. Surg Neurol Int 2013, 4, S38-50. 
4. Browd, S. R.; Ragel, B. T.; Gottfried, O. N.; Kestle, J. R. Failure of cerebrospinal fluid 
shunts: part I: Obstruction and mechanical failure. Pediatr Neurol 2006, 34, 83-92. 
5. Scott, R. M.; Madsen, J. R. Shunt technology: contemporary concepts and prospects. Clin 
Neurosurg 2003, 50, 256-67. 
6. Pollack, I. F.; Albright, A. L.; Adelson, P. D. A randomized, controlled study of a 
programmable shunt valve versus a conventional valve for patients with hydrocephalus. Hakim-
Medos Investigator Group. Neurosurgery 1999, 45, 1399-408; discussion 1408-11. 
7. Kestle, J.; Drake, J.; Milner, R.; Sainte-Rose, C.; Cinalli, G.; Boop, F.; Piatt, J.; Haines, 
S.; Schiff, S.; Cochrane, D.; Steinbok, P.; MacNeil, N. Long-term follow-up data from the Shunt 
Design Trial. Pediatr Neurosurg 2000, 33, 230-236. 
8. Hanak, B. W.; Ross, E. F.; Harris, C. A.; Browd, S. R.; Shain, W. Toward a better 
understanding of the cellular basis for cerebrospinal fluid shunt obstruction: report on the 
construction of a bank of explanted hydrocephalus devices. J Neurosurg Pediatr 2016, 1-11. 
9. Harris, C. A.; Resau, J. H.; Hudson, E. A.; West, R. A.; Moon, C.; Black, A. D.; 
McAllister, J. P. Reduction of protein adsorption and macrophage and astrocyte adhesion on 
ventricular catheters by polyethylene glycol and N-acetyl-L-cysteine. J Biomed Mater Res A 
2011, 98, 425-33. 
10. Harris, C. A.; McAllister, J. P. Does drainage hole size influence adhesion on ventricular 
catheters? Childs Nerv Syst 2011, 27, 1221-32. 
11. Cağavi, F.; Akalan, N.; Celik, H.; Gür, D.; Güçiz, B. Effect of hydrophilic coating on 
microorganism colonization in silicone tubing. Acta Neurochir (Wien) 2004, 146, 603-10; 
discussion 609-10. 
 128 
12. Kaufmann, A. M.; Lye, T.; Redekop, G.; Brevner, A.; Hamilton, M.; Kozey, M.; Easton, 
D. Infection rates in standard vs. hydrogel coated ventricular catheters. Can J Neurol Sci 2004, 
31, 506-10. 
13. Kestle, J. R.; Riva-Cambrin, J.; Wellons, J. C.; Kulkarni, A. V.; Whitehead, W. E.; 
Walker, M. L.; Oakes, W. J.; Drake, J. M.; Luerssen, T. G.; Simon, T. D.; Holubkov, R.; Network, 
H. C. R. A standardized protocol to reduce cerebrospinal fluid shunt infection: the 
Hydrocephalus Clinical Research Network Quality Improvement Initiative. J Neurosurg Pediatr 
2011, 8, 22-9. 
14. Harris, C. A. The cellular and tissue response affecting catheters used in the treatment of 
hydrocephalus. Oral presentation at the seventh meeting of the International Society for 
Hydrocephalus and CSF Disorders., 2015. 
15. Wichterle, O.; Lím, L. Hydrophilic gels for biological use 1960, p. 117-118. 
16. Nicolson, P. C.; Vogt, J. Soft contact lens polymers: an evolution. Biomaterials 2001, 22, 
3273-83. 
17. Buwalda, S. J.; Boere, K. W.; Dijkstra, P. J.; Feijen, J.; Vermonden, T.; Hennink, W. E. 
Hydrogels in a historical perspective: from simple networks to smart materials. J Control 
Release 2014, 190, 254-73. 
18. Jhaveri, S. J.; Hynd, M. R.; Dowell-Mesfin, N.; Turner, J. N.; Shain, W.; Ober, C. K. 
Release of nerve growth factor from HEMA hydrogel-coated substrates and its effect on the 
differentiation of neural cells. Biomacromolecules 2009, 10, 174-83. 
19. Wong, T.; Lee, L.; Liu, R.; Yeh, S.; Chang, T.; Ho, D. M.; Niu, G. C. C.; Wang, Y. 
Hydrogel Ventriculo-Subdural Shunt for the Treatment of Hydrocephalus in Children. 
Matsumoto, S.; Tamaki, N., Eds. Springer-Verlag: Tokyo, Japan, 1991; pp 338-349. 
20. Harris, C. A.; Resau, J. H.; Hudson, E. A.; West, R. A.; Moon, C.; Black, A. D.; 
McAllister, J. P. Effects of surface wettability, flow, and protein concentration on macrophage 
and astrocyte adhesion in an in vitro model of central nervous system catheter obstruction. J 
Biomed Mater Res A 2011, 97, 433-40. 
21. Harris, C. A.; McAllister, J. P. What we should know about the cellular and tissue 
response causing catheter obstruction in the treatment of hydrocephalus. Neurosurgery 2012, 70, 
1589-601; discussion 1601-2. 
22. Chan, K.; Gleason, K. K. Initiated chemical vapor deposition of linear and cross-linked 
poly(2-hydroxyethyl methacrylate) for use as thin-film hydrogels. Langmuir 2005, 21, 8930-9. 
23. Huynh, W. U.; Dittmer, J. J.; Alivisatos, A. P. Hybrid Nanorod-Polymer Solar Cells. 
Science 2002, 295, 2425-2427. 
24. Nejati, S.; Lau, K. K. S. Pore Filling of Nanostructured Electrodes in Dye Sensitized 
Solar Cells by Initiated Chemical Vapor Deposition. Nano Letters 2011, 11, 419-423. 
25. Barr, M. C.; Rowehl, J. A.; Lunt, R. R.; Xu, J.; Wang, A.; Boyce, C. M.; Im, S. G.; 
Buloviƒá, V.; Gleason, K. K. Direct Monolithic Integration of Organic Photovoltaic Circuits on 
Unmodified Paper. Advanced Materials 2011, 23, 3500-3505. 
26. Park, H.; Howden, R. M.; Barr, M. C.; Bulović, V.; Gleason, K.; Kong, J. Organic Solar 
Cells with Graphene Electrodes and Vapor Printed Poly(3,4-ethylenedioxythiophene) as the Hole 
Transporting Layers. ACS Nano 2012, 6, 6370-6377. 
27. Lau, K. K. S.; Bico, J.; Teo, K. B. K.; Chhowalla, M.; Amaratunga, G. A. J.; Milne, W. I.; 
McKinley, G. H.; Gleason, K. K. Superhydrophobic Carbon Nanotube Forests. Nano Letters 
2003, 3, 1701-1705. 
28. Laird, E. D.; Bose, R. K.; Wang, W.; Lau, K. K. S.; Li, C. Y. Carbon Nanotube-Directed 
Polytetrafluoroethylene Crystal Growth via Initiated Chemical Vapor Deposition. 
Macromolecular Rapid Communications 2013, 34, 251-256. 
29. Ölçeroğlu, E.; Hsieh, C.-Y.; Rahman, M. M.; Lau, K. K. S.; McCarthy, M. Full-Field 
Dynamic Characterization of Superhydrophobic Condensation on Biotemplated Nanostructured 
Surfaces. Langmuir 2014, 30, 7556-7566. 
 129 
30. Sojoudi, H.; Wang, M.; Boscher, N.; McKinley, G. H.; Gleason, K. Durable and Scalable 
Icephobic Surfaces: Similarities and Distinctions from Superhydrophobic Surfaces. Soft Matter 
2015. 
31. Hsieh, C.-Y.; Lau, K. K. S. Growth of Polyglycidol in Porous TiO2 Nanoparticle 
Networks via Initiated Chemical Vapor Deposition: Probing Polymer Confinement Under High 
Nanoparticle Loading. Advanced Materials Interfaces 2015, 2, n/a-n/a. 
32. Yang, R.; Jang, H.; Stocker, R.; Gleason, K. K. Synergistic Prevention of Biofouling in 
Seawater Desalination by Zwitterionic Surfaces and Low-Level Chlorination. Advanced 
Materials 2014, 26, 1711-1718. 
33. Riche, C. T.; Zhang, C.; Gupta, M.; Malmstadt, N. Fluoropolymer surface coatings to 
control droplets in microfluidic devices. Lab on a Chip 2014, 14, 1834-1841. 
34. You, J. B.; Min, K.-I.; Lee, B.; Kim, D.-P.; Im, S. G. A doubly cross-linked nano-adhesive 
for the reliable sealing of flexible microfluidic devices. Lab on a Chip 2013, 13, 1266-1272. 
35. Ozaydin-Ince, G.; Dubach, J. M.; Gleason, K. K.; Clark, H. A. Microworm optode 
sensors limit particle diffusion to enable in vivo measurements. Proceedings of the National 
Academy of Sciences 2011, 108, 2656-2661. 
36. Ince, G. O.; Armagan, E.; Erdogan, H.; Buyukserin, F.; Uzun, L.; Demirel, G. One-
Dimensional Surface-Imprinted Polymeric Nanotubes for Specific Biorecognition by Initiated 
Chemical Vapor Deposition (iCVD). ACS Applied Materials & Interfaces 2013, 5, 6447-6452. 
37. Lau, K. K. S.; Gleason, K. K. All-Dry Synthesis and Coating of Methacrylic Acid 
Copolymers for Controlled Release. Macromolecular Bioscience 2007, 7, 429-434. 
38. McInnes, S. J. P.; Szili, E. J.; Al-Bataineh, S. A.; Xu, J.; Alf, M. E.; Gleason, K. K.; Short, 
R. D.; Voelcker, N. H. Combination of iCVD and Porous Silicon for the Development of a 
Controlled Drug Delivery System. ACS Applied Materials & Interfaces 2012, 4, 3566-3574. 
39. O'Shaughnessy, W. S.; Murthy, S. K.; Edell, D. J.; Gleason, K. K. Stable Biopassive 
Insulation Synthesized by Initiated Chemical Vapor Deposition of Poly(1,3,5-
trivinyltrimethylcyclotrisiloxane). Biomacromolecules 2007, 8, 2564-2570. 
40. Bose, R. K.; Nejati, S.; Stufflet, D. R.; Lau, K. K. S. Graft Polymerization of Anti-Fouling 
PEO Surfaces by Liquid-Free Initiated Chemical Vapor Deposition. Macromolecules 2012, 45, 
6915-6922. 
41. Yang, R.; Asatekin, A.; Gleason, K. K. Design of conformal, substrate-independent 
surface modification for controlled protein adsorption by chemical vapor deposition (CVD). Soft 
Matter 2012, 8, 31-43. 
42. Martin, T. P.; Kooi, S. E.; Chang, S. H.; Sedransk, K. L.; Gleason, K. K. Initiated 
chemical vapor deposition of antimicrobial polymer coatings. Biomaterials 2007, 28, 909-915. 
43. Chan, K.; Gleason, K. K. Initiated Chemical Vapor Deposition of Linear and Cross-
linked Poly(2-hydroxyethyl methacrylate) for Use as Thin-Film Hydrogels. Langmuir 2005, 21, 
8930-8939. 
44. Odian, G. Principles of Polymerization,. 4th ed.; John Wiley & Sons: 2004. 
45. Bose, R. K.; Lau, K. K. S. Initiated CVD of Poly(2-Hydroxyethyl Methacrylate) 
Hydrogels: Synthesis, Characterization and In-vitro Biocompatibility. Chemical Vapor 
Deposition 2009, 15, 150-155. 
46. G. Beamson, D. B. High Resolution XPS of Organic Polymers. Wiley, New York: 1992. 
47. Babar, S.; Li, T. T.; Abelson, J. R. Role of nucleation layer morphology in determining 
the statistical roughness of CVD-grown thin films. Journal of Vacuum Science & Technology A 
2014, 32, 060601. 
48. Babar, S.; Kumar, N.; Zhang, P.; Abelson, J. R.; Dunbar, A. C.; Daly, S. R.; Girolami, G. 
S. Growth Inhibitor To Homogenize Nucleation and Obtain Smooth HfB2 Thin Films by 
Chemical Vapor Deposition. Chemistry of Materials 2013, 25, 662-667. 
 130 
49. Harris, C.; Pearson, K.; Hadley, K.; Zhu, S.; Browd, S.; Hanak, B. W.; Shain, W. 
Fabrication of three-dimensional hydrogel scaffolds for modeling shunt failure by tissue 
obstruction in hydrocephalus. Fluids Barriers CNS 2015, 12, 26. 
50. Blasi, E.; Barluzzi, R.; Bocchini, V.; Mazzolla, R.; Bistoni, F. Immortalization of murine 
microglial cells by a v-raf/v-myc carrying retrovirus. J Neuroimmunol 1990, 27, 229-37. 
51. Stansley, B.; Post, J.; Hensley, K. A comparative review of cell culture systems for the 
study of microglial biology in Alzheimer's disease. J Neuroinflammation 2012, 9, 115. 
52. Rowley, J.; Madlambayan, G.; Mooney, D. Alginate hydrogels as synthetic extracellular 
matrix materials. Biomaterials 1999, 20, 45-53. 
53. Kuo, C.; Ma, P. Ionically crosslinked alginate hydrogels as scaffolds for tissue 
engineering: Part 1.  Structure, gelation rate and mechanical properties. Biomaterials 2001, 22, 
511-521. 
54. Frampton, J.; Hynd, M.; Williams, J.; Shuler, M.; Shain, W. Three-dimensional hydrogel 
cultures for modeling changes in tissue impedance around microfabricated neural probes. J 
Neural Eng 2007, 4, 399-409. 
55. Frampton, J.; Hynd, M.; Shuler, M.; Shain, W. Fabrication and optimization of alginate 
hydrogel constructs for use in 3D neural cell culture. Biomed Mater 2011, 6, 015002. 
56. Nunamaker, E.; Kipke, D. An alginate hydrogel dura mater replacement for use with 
intracortical electrodes. J Biomed Mater Res Appl Biomater 2010, 95, 421-9. 
57. Frampton, J.; Hynd, M.; Vargun, A.; Roysam, B.; Shain, W. An in vitro system for 
modeling brain reactive responses and changes in neuroprosthetic device impedance. Conf Proc 
IEEE Eng Med Biol Soc 2009, 2009, 7155-8. 
58. Gage, G. J.; Kipke, D. R.; Shain, W. Whole animal perfusion fixation for rodents. J Vis 
Exp 2012. 
59. Craighead, H. G.; Turner, S. W.; Davis, R. C.; James, C.; Perez, A. M.; St. John, P. M.; 
Isaacson, M. S.; Kam, L.; Shain, W.; Turner, J. N.; Banker, G. Chemical and topographical 
surface modification for control of central nervous system cell adhesion. Biomedical 
Microdevices, 1998; Vol. 1, pp 49-64. 
60. Turner, A. M.; Dowell, N.; Turner, S. W.; Kam, L.; Isaacson, M.; Turner, J. N.; 
Craighead, H. G.; Shain, W. Attachment of astroglial cells to microfabricated pillar arrays of 
different geometries. J Biomed Mater Res 2000, 51, 430-41. 
61. Minev, I. R.; Moshayedi, P.; Fawcett, J. W.; Lacour, S. P. Interaction of glia with a 
compliant, microstructured silicone surface. Acta Biomater 2013, 9, 6936-42. 
62. Janakiraman, S.; Farrell, S. L.; Hsieh, C.-Y.; Smolin, Y. Y.; Soroush, M.; Lau, K. K. S. 
Kinetic analysis of the initiated chemical vapor deposition of poly(vinylpyrrolidone) and poly(4-
vinylpyridine). Thin Solid Films 2015, 595, Part B, 244-250. 	  
 
 
 
 
 
 
 
 131 
Tables and Figures 
 
Table 1. Position and percent area of fitted peaks in high resolution XPS spectra. 
 
 
 
 
 
 
 
 
 
 
 
 
Core Level 
Electrons 
Peak 
Number Bonding Environment Binding Energy (eV) Area (atomic %) 
PDMS ventricular catheter 
C1s 
− Carbon impurities 284.2 32.7 
1 C*–Si 284.7 31.5 
O1s 
− Oxygen impurities 531.6 5.8 
2 Si–O* 532.0 14.9 
Si2p 
− Si2p3/2 101.6 10.1 
− Si2p1/2 102.3 5.0 
PHEMA-coated catheter 
C1s 
− Carbon impurities 284.2 4.1 
3 –C*H2–C(C*H3)– 285.1 21.3 
4 –CH2–C*(CH3)– 285.7 11.0 
5 O–C–C*–OH 286.5 10.8 
6 O–C*–C–OH 287.0 10.8 
7 O–C*=O 289.1 10.5 
O1s 
8 O–C=O* 532.5 10.5 
9 O–C–C–O*H 533.2 10.5 
10 O*–C–C–OH 533.9 10.5 
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Figure 1. iCVD polymerization and coating of PHEMA on PDMS ventricular catheters. (a) 
iCVD scheme for coating of PHEMA on the catheters. Each catheter has an outer and inner 
diameter of 2 and 1 mm, respectively. There are a series of intake holes, 0.5 mm in diameter, near 
the blind end that are arranged as 8 holes spaced 1 mm apart in 4 rows at 90° apart around the 
tube circumference. (b) Free radical polymerization reaction to form PHEMA using HEMA 
monomer and TBPO initiator. With the cooling stage and heated filaments at 25 and 300 °C, 
respectively, and the reactor pressure at 0.1 torr, the actual temperature of the catheter surface 
was recorded to be ~50 °C. 
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Figure 2. Qualitative spectroscopic analysis of uncoated and PHEMA-coated PDMS 
ventricular catheters. ATR-FTIR spectra of (a) pristine and (b) iCVD PHEMA-coated PDMS 
catheters. The PDMS background was subtracted out of the PHEMA-coated PDMS spectrum. 
The OH (3434 cm-1) and C=O (1726 cm-1) peaks of PHEMA suggest that PHEMA was 
successfully deposited on the catheters.   
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Figure 3. Quantitative spectroscopic analysis of uncoated and PHEMA-coated PDMS 
ventricular catheters. High resolution C1s, O1s, and Si2p XPS spectra of pristine (a-c) and 
iCVD PHEMA-coated (d-f) PDMS catheters with their corresponding fitted peaks and peak 
assignments (see Table 1 also). The C:O:Si ratio of pristine PDMS, estimated at 2.1:1.0:1.0, 
agrees well with stoichiometric PDMS. The C:O ratio of the PHEMA coating, estimated at 
2.5:1.0, is close to that of stoichiometric PHEMA. The disappearance of Si in the PHEMA-coated 
sample indicates the PHEMA coating is sufficiently thick to prevent the underlying PDMS 
substrate from being probed. 
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Figure 4. Surface morphological analysis of uncoated and PHEMA-coated ventricular 
catheters. Top- and side-view SEM images of pristine (a,b) and iCVD PHEMA-coated (c,d and 
e,f) PDMS catheters. The latter pairs of images are for PHEMA coatings on the exterior (c,d) and 
interior (e,f) catheter walls, respectively. Surface roughness and feature sizes are related to the 
nucleation density for polymer growth that is affected by the accessibility of activated initiator 
species. Scale bar is 10 and 1 μm for top and side views, respectively. 
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Figure 5. PHEMA coating morphology along the PHEMA-coated ventricular catheters. Top 
view SEM images at different locations along the axial direction of the catheter of the PHEMA 
coating on the exterior and interior walls (identified by n) as well as on the intake hole sidewalls 
(numbered 1–8) along a row of 8 intake holes. Surface roughness and feature sizes appear to be 
similar at various locations along the catheter indicating the highly uniform nature of the iCVD 
process. Differences in morphology on the exterior/interior/intake hole walls as well as near the 
blind end are due to differences in activated initiator availability and nucleation density. Scale bar 
is 5 and 2.5 μm for interior/exterior and intake hole surfaces, respectively. 
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Figure 6. Representative rhodamine-phalloid actin stain imaging for control and PHEMA 
CSF intake holes alongside calculated integrated florescence intensity values. (A) Eight 
representative CSF intake hole maximum projection images from the PHEMA coated and 
uncoated control catheter are shown at the 17-day time point.  (B) The measured integrated 
florescence intensity values for the holes imaged are shown graphically.  The CSF intake holes 
imaged are numbered one through eight, with hole one being closest to the catheter tip (most 
distal) and hole eight being closest to the alginate matrix loaded with cultured astrocytes and 
microglia (most proximal). 
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